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1.  INTRODUCTION 


Pressure  waves  due  to  explosions  can  damage  the  neurons  of  the  eye  and  visual  centers  in  the  brain,  leading  to 
functional  loss  of  vision.  There  are  currently  few  treatments  for  such  injuries  that  can  be  deployed  rapidly  in  the  field  to 
mitigate  such  damage.  Our  research  team  is  developing  small  molecule  activators  of  TrkB,  the  cognate  receptor  for 
brain-derived  neurotrophic  factor  (BDNF).  BDNF  has  been  shown  to  have  neuroprotective  effects  in  a  number  of 
degeneration  models,  including  optic  nerve  crush  and  bright  light-induced  retinal  degeneration  (Gauthier  et  al.,  2005; 
Weber  et  al.,  2010).  However,  BDNF  must  be  injected  intraocularly  or  into  the  brain  to  be  effective,  as  it  does  not  cross 
the  blood  brain/retina  barrier  (BBB),  making  it  impractical  to  deploy  in  the  field.  In  contrast,  the  compounds  we  are 
developing  can  be  administered  system ically  and  readily  cross  the  BBB  (Jang  et  al.,  201 0a,b,c).  Following  peripheral 
injection,  the  drugs  activate  TrkB  receptors  in  the  retina  and  the  brain,  and  appear  to  show  no  systemic  toxicity.  In 
preliminary  studies,  we  have  shown  that  they  protect  against  light-induced  retinal  degeneration  (Shen  et  al.,  2012).  The 
goal  of  this  project  is  to  develop  effective  treatments  for  traumatic  blast-related  retinal  and  visual  system  damage  that  can 
be  delivered  on  the  battlefield.  We  hypothesize  that  small  molecule  activators  of  TrkB  will  be  useful  for  this  purpose.  We 
proposed  3  specific  aims  to  test  this  hypothesis,  investigating  the  utility  of  TrkB  activators  to  prevent  retinal  ganglion  cell 
death  following  optic  nerve  crush,  protect  retinal  cells  from  blast-induced  injury  to  the  eye,  and  protect  central  visual 
pathways  from  traumatic  blast-induced  injury. 

2.  KEYWORDS:  trauma,  neuroprotection,  retina,  optic  nerve,  TrkB,  BDNF,  brain,  TBI 


3.  OVERALL  PROJECT  SUMMARY 

The  statement  of  work  for  year  4  was  to  complete  the  test  of  TrkB  activators  for  treatment  of  blast-induced  degeneration  in 
visual  pathways  in  the  brain.  These  studies  are  still  underway,  but  will  be  completed  before  the  end  of  the  no  cost 
extension.  We  added  new  experiments  to  aim  2  to  further  characterize  the  protective  effect  of  HIOC  against  ocular  blast, 
as  well  as  conducting  experiments  on  effects  of  HIOC  on  visual  function  following  TBI.  Our  studies  demonstrate  that 
HIOC,  our  lead  TrkB  activator,  significantly  reduces  loss  of  visual  function  following  blast  injury  to  the  eye  and  to  the  brain. 

In  year  1 ,  experiments  were  initiated  to  establish  assays  for  measuring  retinal  ganglion  cell  (RGC)  loss  after  optic  nerve 
crush.  Three  approaches  were  taken.  One  was  to  count  Brn3a  immunoreactive  cells  in  retinal  whole  mounts.  Brn3a  is  a 
specific  marker  for  retinal  ganglion  cells  (Nadal-Nicolas  et  al.,  2009);  it  is  expressed  by  approximately  90%  of  ganglion 
cells.  The  other  approach  was  to  count  fluorescent  RGCs  of  Thyl-CFP  mice,  which  express  CFP  (cyan  fluorescent 
protein)  in  retinal  ganglion  cells  (Feng  et  al.,  2000),  or  to  measure  fluorescence  in  retinal  extracts  of  these  mice.  We 
initiated  studies  on  effects  of  TrkB  agonists  on  RGC  loss  following  optic  nerve  crush,  but  found  that  systemic  injection  did 
not  have  a  consistent  neuroprotective  effect. 

In  year  2,  we  investigated  the  effects  of  HIOC,  delivered  by  various  routes  (i.p.  or  osmotic  minipump),  in  combination  with 
a  variety  anti-inflammatory  and  microglial-modulating  drugs  on  optic  nerve  crush-induced  retinal  ganglion  cell 
degeneration.  None  were  effective.  We  concluded  that  such  severe  injury  to  the  optic  nerve  might  be  beyond 
pharmacological  intervention,  at  least  with  our  tools.  We  built  and  calibrated  the  blast  cannon,  and  initiated  experiments 
to  test  the  efficacy  of  TrkB  activators  on  loss  of  visual  function  following  blast-induced  damage  to  the  eye.  In  preliminary 
studies  we  showed  potential  efficacy  of  HIOC  in  preventing  loss  of  visual  function  caused  by  blast-induced  damage  to  the 
eye. 

In  year  3,  we  demonstrated  that  HIOC  was  effective  in  reducing  vision  loss  and  optic  nerve  axon  degeneration  following 
blast  injury  to  the  eye,  that  this  effect  was  blocked  by  a  TrkB  antagonist,  that  the  drug  could  be  administered  up  to  3  hours 
after  exposure  to  blast  and  still  have  a  beneficial  therapeutic  effect.  We  also  initiated  studies  to  examine  the  effects  of 
blast  injury  to  the  head  on  visual  function  and  present  the  preliminary  results  of  HIOC  administered  after  blast  on  visual 
function.  The  results  are  detailed  below. 

During  year  4  and  the  6  month  no  cost  extension,  we  conducted  a  dose-response  study  for  the  effect  of  HIOC  on 
preservation  of  visual  function  following  ocular  blast.  We  demonstrated  that  the  effect  of  HIOC  on  visual  function 
preservation  is  due  to  its  action  on  TrkB  receptors.  We  found  that  HIOC  reduced  ocular  blast-induced  astrocytosis  and 
thinning  of  the  ganglion  cell  /  nerve  fiber  layer.  HIOC  also  reduced  ocular  blast-induced  microglial  activation.  We  showed 
that  HIOC  is  more  efficacious  than  two  other  BDNF  receptor  ligands,  and  examined  the  effect  of  repeated  mild  ocular 
blast  on  visual  function.  We  also  examined  the  effect  of  different  blast  pressures  on  head  blast  (TBI)-induced  loss  of 
visual  function,  and  showed  that  head  blast  causes  cerebral  microglial  activation.  We  conducted  a  dose-response 
analysis  of  the  effect  HIOC  on  TBI-induced  loss  of  visual  function,  and  found  that  80  mg/kg  i.p.  completely  prevented  the 
decline  in  visual  acuity  and  contrast  sensitivity. 
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3A.  Specific  Aim  1.  To  examine  the  ability  of  TrkB  activators  to  prevent  retinal  ganglion  cell  (RGC)  death  and 
loss  of  visual  function  following  optic  nerve  crush. 

The  statement  of  work  was  to  use  the  optic  nerve  crush  model  to  test  the  effects  of  small  molecule  TrkB 
activators  on  RGC  survival  following  optic  nerve  crush.  In  order  to  do  this,  we  needed  to  establish  the  optic 
nerve  injury  model  in  our  lab  and  develop  assays  for  retinal  ganglion  cell  death.  Only  key  experiments  are 
presented  here;  additional  detail  can  be  found  in  the  annual  reports. 

Experiments  were  initiated  to  establish  assays  for  measuring  RGC  loss  after  optic  nerve  crush.  Two 
approaches  were  taken.  One  was  to  count  Brn3a  immunoreactive  cells  in  retinal  whole  mounts.  Brn3a  is  a 
specific  marker  for  retinal  ganglion  cells  (Nadal-Nicolas  et  al.,  2009);  it  is  expressed  by  approximately  90%  of 
ganglion  cells.  The  other  approach  was  to  measure  fluorescence  of  retinal  extracts  of  Thyl  -CFP  mice,  which 
express  cyan  fluorescent  protein  in  retinal  ganglion  cells  (Feng  et  al.,  2000). 

Immunofluorescent  Staining  of  Retinal  Ganglion  Cells  -  We  have  optimized  an  immunostaining  protocol  that 
allows  for  detection  of  retinal  ganglion  cells  in  retinal  flatmounts.  The  majority  of  RGCs  can  be  stained  with 
antibodies  against  the  RGC  marker  Brn-3a  and  visualized  by  fluorescent  microscopy.  Brn-3a  also  has  the 
advantage  of  being  a  nuclear  marker,  so  cell  bodies  can  be  easily  identified  and  counted.  This  has  been  useful 
for  examining  the  RGC  damage  and  death  time  course  after  optic  nerve  crush  (Figure  1). 
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Figure  1.  Time  course  of  RGC  signal  following  optic  nerve  crush.  Confocal  images  of  retinal  flatmounts  were 
taken  every  three  days  over  a  1 5  day  period  to  show  the  progression  of  RGC  loss  after  optic  nerve  crush.  POD 
=  post-operation  day. 

As  can  be  seen  in  Figure  1 ,  maximal  retinal  ganglion  cell  loss  occurs  approximately  6  days  after  optic  nerve 
crush. 

Measurement  of  Fluorescence  of  Thyl  -CFP  ganglion  cells.  Our  initial  studies  assessing  retinal  ganglion  cell 
death  following  optic  nerve  crush  involved  counting  Brn3a  positive  ganglion  cells,  labeled 
immunocytochemically,  in  retinal  whole  mounts.  The  procedure  is  extremely  time  consuming,  taking 
approximately  one  week  to  complete  the  analysis  following  euthanizing  the  mice.  The  new  procedure  involved 
the  use  of  transgenic  Thyl  -CFP  mice,  whose  retinal  ganglion  cells  express  cyan  fluorescent  protein,  and 
measuring  fluorescence  of  retinal  supernatant  fractions  using  a  microplate  reader.  Briefly,  optic  nerve  crush 
surgery  was  performed  on  the  right  eye,  with  the  left  eye  serving  as  the  uncrushed  control.  The  mice  were 
euthanized  6  days  thereafter.  Retinas  were  immediately  dissected  and  frozen.  Retinal  homogenates  were 
prepared  in  RIPA  buffer  with  a  protease  inhibitor  cocktail.  Retinal  homogenates  were  centrifuged  for  1 0  minutes. 
Each  supernatant  fraction  was  plated  in  triplicate  on  a  black  96-well  plate  and  the  relative  levels  of  fluorescence 
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were  detected  by  a  BioTek  HI  plate  reader.  In  a  separate  cohort  of  mice,  Brn3a  positive  retinal  ganglion  cells 
were  counted.  As  seen  in  Figure  1,  the  percentage  decrease  in  Brn3a  positive  cells  following  optic  nerve  crush 
was  nearly  identical  to  the  decrease  in  CFP  fluorescence  measured  in  the  plate  reader.  A  number  of  control 
experiments  were  performed  to  further  validate  the  assay  (not  shown).  The  new  assay  takes  only  hours,  as 
opposed  to  days  for  counting  the  Brn3a  positive  cells.  The  rate-limiting  factor  is  breeding  and  genotyping  the 
Thyl-CFP  mice.  This  work  was  presented  at  the  International  Society  for  Eye  Research  (ISER)  Molecular 
Mechanisms  of  Glaucoma  Symposium. 
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Figure  2.  Optic  nerve  crush  was  performed  on  the  right  eye  of  adult  mice,  which  were  sacrificed  6  days  after 
surgery.  Cell  counts  of  immunostained  retinal  flatmount  images  (n=3)  show  a  41%  loss  of  cells  after  crush  (A). 
Fluorescent  reads  of  retinal  homogenates  (n=4)  show  a  44%  loss  of  signal  following  crush  (B). 

Effect  of  HIOC  on  RGC  Survival  after  Optic  Nerve  Crush 

We  continued  to  use  the  severe  optic  nerve  crush  procedure  in  our  initial  test  of  TrkB  activators  in  order  to  test 
efficacy  against  a  severe  injury  and  because  of  the  variability  associated  with  the  less  severe  injury.  In  this 
experiment  we  tested  N-[2-(5-hydroxy- 1  H-indol-3-yl)ethyl]-2-oxopiperidine-3-carboxamide  (HIOC),  in  the  optic 
nerve  crush  model.  As  RGCs  possess  TrkB  receptors,  we  hypothesize  that  administration  of  HIOC  immediately 
around  the  time  of  optic  nerve  crush  would  allow  more  RGCs  to  survive  the  injury. 

THY1-CFP  mice  were  injected  i.p.  with  40  mg/kg  HIOC  or  vehicle  (20%  DMSO  in  PBS)  roughly  one  hour  before 
receiving  the  optic  nerve  crush  or  transection  procedure.  Under  anesthesia,  each  mouse  had  the  right  optic 
nerve  crushed.  The  fellow  eye  was  left  as  a  control.  Mice  were  allowed  to  recover  and  were  injected  once  daily 
with  HIOC  or  vehicle  following  surgery  until  sacrifice  at  post-op  day  6.  Retinas  were  immediately  dissected  and 
frozen.  Retinal  homogenates  were  prepared  in  RIPA  buffer  with  a  protease  inhibitor  cocktail.  The  relative  levels 
of  fluorescence  were  measured  in  the  supernatant  fractions. 

The  mean  fluorescence  from  naive  retinas  (in  regular  fluorescence  units)  was  37502  ±  937  (Figure  3).  The 
mean  fluorescence  of  crushed/transected  vehicle  retinas  was  18564  ±  567  and  that  of  H  IOC-treated  retinas  was 
18338  ±  826.  We  did  not  see  protection  associated  with  HIOC  treatment.  It  is  possible  that  the  mice  are 
metabolizing  the  drug  too  quickly  to  allow  for  sufficient  TrkB  activation  or  the  dose  was  insufficient.  WE 
subsequently  investigated  the  effects  of  doses  of  HIOC  up  to  100  mg/kg,  but  still  saw  no  protection  (data  not 
shown). 
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Figure  3.  THY1-CFP  mice  received 
intraperitoneal  injections  of  either  40  mg/kg 
HIOC  or  vehicle  (20%  DMSO  in  PBS)  prior 
to  receiving  an  optic  nerve  crush  or 
transection  to  the  right  eye.  Injections 
continued  until  6  days  after  surgery,  when 
mice  were  sacrificed.  Retinas  were 
homogenized  and  the  fluorescence  from 
each  retina  was  quantified  using  a 
fluorescent  plate  reader. 


To  address  a  potential  pharmacokinetic  issue,  we  initiated  the  osmotic  minipump  experiments  described  in  the 
proposal.  C57BL6/J  mice  were  pretreated  with  an  intraperitoneal  injection  of  HIOC  (40  mg/kg)  or  vehicle, 
anesthetized  and  subjected  to  unilateral  optic  nerve  crush.  Each  mouse  then  received  a  subcutaneous  implant 
of  an  Alzet  Model  2001  osmotic  minipump  containing  HIOC  or  vehicle  (40%  DMSO).  The  HIOC  concentration 
used  provided  a  calculated  drug  delivery  rate  of  20  mg/kg/day.  After  six  days,  the  mice  were  euthanized  and  the 
numbers  of  Brn3a-immunoreactive  retinal  ganglion  cells  (RGC)  were  determined  in  retinal  flat  mounts.  Optic 
nerve  crush  caused  a  significant  reduction  in  RGC  number  in  both  the  vehicle  and  HlOC-treated  mice  (p<0.01 , 
Figure  4).  While  the  RGC  number  was  slightly  higher  in  the  crushed  HlOC-treated  eye  than  in  the  crushed 
vehicle-treated  eye,  the  effect  was  not  statistically  significant. 


Figure  4.  Effect  of  HIOC  on  optic  nerve 
crush-induced  retinal  ganglion  cell  death. 
HIOC  or  vehicle  were  deliver  via  Alzet 
osmotic  minipumps.  Nerve  crush 
significantly  reduced  RGC  number  (p<0.01), 
but  HIOC  did  not  significantly  protect  the 
cells  from  injury. 


A  similar  result  was  observed  with  minipumps  and  quantification  of  fluorescent  RGCs  of  Thyl  -CFP  mice  (data 
not  shown). 

Effects  of  TrkB  agonists  Deoxyqedunin  and  LM22A-4 

Deoxygedunin  is  a  naturally  occurring  compound  that  has  been  shown  to  activate  TrkB  receptors  in  the  mouse 
brain  (Jang  et  al.,  2010).  We  sought  to  test  the  effectiveness  of  deoxygedunin  in  protecting  RGCs  against 
apoptosis  following  optic  nerve  crush.  Five  C57BL/6J  mice  from  Jackson  Laboratories  were  given  an 
intraperitoneal  injection  of  5  mg/kg  deoxygedunin  and  4  were  given  vehicle  (34%  DMSO  in  PBS). 
Pharmacokinetic  studies  have  shown  that  deoxygedunin  is  active  two  hours  after  administration.  Therefore, 
injections  were  staggered  so  that  each  mouse  received  the  optic  nerve  crush  two  hours  after  the  initial  injection. 
The  right  eye  was  operated  on  with  the  left  eye  serving  as  a  control.  Injections  of  deoxygedunin  or  vehicle  were 
given  daily  until  6  days  post-surgery  when  the  mice  were  sacrificed.  Eyes  were  enucleated,  and  retinas 
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immunostained  for  the  RGC  marker  Brn-3a.  The  cell  counts  from  vehicle  and  deoxygedunin-treated  eyes  that 
received  crush  decreased  by  41%  and  38.2%,  respectively  when  compared  to  uncrushed  eyes  (Figure  8, 
p<0.01 ).  We  did  not  detect  a  protective  drug  effect  with  deoxygedunin  at  the  dose  tested.  As  with  our  other  drug 
studies,  we  may  need  to  investigate  the  pharmacokinetics  of  this  agent  to  see  if  our  dosing  regimen  needs  to  be 
altered  in  order  to  provide  protection. 

Figure  5.  Mice  received  intraperitoneal 
injections  of  either  5  mg/kg  deoxygedunin  or 
vehicle  (34%  DMSO  in  PBS)  prior  to 
receiving  an  optic  nerve  crush  to  the  right 
eye.  Injections  continued  until  6  days  after 
surgery,  when  mice  were  sacrificed.  Retinas 
were  immunostained  for  the  RGC  marker 
Brn-3a  and  imaged  with  a  confocal 
microscope.  RGCs  were  quantified  using 
Cell  Profiler  software.  Nerve  crush 
significantly  reduced  the  number  of  RGCs 
(p<0.01).  Deoxygedunin  did  not  significantly 
prevent  cell  loss. 
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We  also  examined  the  effects  of  another  TrkB  agonist,  LM22A-4  (Massa  et  al.,  2010).  It  also  failed  to  protect 
RGCs  following  optic  nerve  crush  (data  not  shown). 

We  have  concluded  that  TrkB  activation  is  not  viable  approach  to  rescue  RGSs  following  optic  nerve  crush. 


3B.  Specific  aim  2.  To  examine  the  ability  of  TrkB  activators  to  prevent  traumatic  blast-induced  retinal  damage 
and  loss  of  visual  function. 

To  begin  specific  aim  2,  we  constructed  and  calibrated  a  blast  gun,  modeled  after  the  one  developed  by  Tonia 
Rex.  A  picture  of  the  gun  is  shown  in  Figure  6. 

Fig.  6.  A  miniature  cannon  for  blast- 
induced  trauma  to  the  eye.  The  apparatus 
consists  of  a  paintball  gun  (1)  (without 
paintballs)  with  a  customized  barrel  (2),  a 
tube  to  hold  the  mouse  (3),  and  a 
Honeywell  pressure  transducer  to  calibrate 
the  force  of  the  pressure  wave  (4). 


Characterization  of  the  effects  of  ocular  blast  on  the  retina  and  visual  function. 

To  begin  to  characterize  the  effect  of  blast  to  the  eye  on  the  retina,  we  delivered  a  single  blast  of  ~46  psi  (range 
45-47)  to  the  left  eye  of  18  mice  (14  Thyl-CFP  and  4  wild  type  C57BL/6  mice).  All  mice  survived  the  first  week 
following  blast.  Seven  of  the  mice  were  euthanized  at  1  week  for  an  initial  assessment  of  retinal  anatomy.  We 
are  examining  flat  mounted  retinas  and  retinal  sections  for  Thyl  -CFP,  Ibal  (microglia),  and  glial  fibrillary  acid 
protein  (GFAP).  Figure  7  shows  the  effects  of  blast  injury  at  7  days  on  Thy-CFP  fluorescence.  Blast  induced  a 
significant  increase  in  fluorescence  (see  Struebing  et  al.,  2017).  In  addition,  we  observed  swelling  of  the  RGC 
cell  bodies. 
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Comparison  of  total  fluorescence  from  retinal  flatmounts  of  TBI 
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Figure  7.  Effect  of  blast-induced  injury  on  Thy-CFP  fluorescent  RGCs. 


These  changes  were  accompanied  by  an  increase  in  Ibal  -immunopositive  microglia  (Fig.  8),  suggestive  of  an 
inflammatory  response  to  blast,  and  an  increase  in  GFAP,  indicative  of  reactive  gliosis. 
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Fig.  8.  Representative  sections  of 
retinas  following  48  psi  blast 
immunostained  for  GFAP  (red)  and 
Ibal  (green). 


Surprisingly,  this  effect  was  accompanied  by  a  significant  decrease  of  Thy  1  mRNA  in  the  retinas  of  mice  with 
blast  injury  (Fig.  9).  This  suggests  that  the  increase  in  Thyl  -GFP  fluorescence  measured  1  week  after  blast 
may  be  due  to  impaired  metabolism  /  proteolysis  in  the  RGCs. 


Thyl 


Fig.  9.  Thyl  mRNA  measured  by 
quantitative  reverse  transcription- 
polymerase  chain  reaction  (qRT-PCR)in 
retinas  of  controls  and  mice  1  week  after 
exposure  to  ~46  psi  blast.  Blast  injury  was 
associated  with  a  significant  decrease  in 
Thyl  mRNA  (p<0.05). 
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Optokinetic  tracking  was  used  to  assess  contrast  sensitivity  at  1-2  weeks  after  exposure  to  a  single  ~46  psi 
blast.  Contrast  sensitivity  was  significantly  reduced  in  blasted  eyes  compared  to  control  at  spatial  frequencies  of 
0.064,  0.092,  and  0.103  cycles  /  degree  (c/d)  (Figure  10).  This  indicates  that  the  loss  of  visual  function  occurs 
rapidly  after  blast  injury. 


Figure  10.  Contrast  sensitivity  functions 
measured  1-2  weeks  after  exposure  to  ~46psi 
blast.  Contrast  sensitivity  was  reduced  in  the 
eyes  exposed  to  blast  at  0.064,  0.092,  and 
0. 103  c/d  (p<0.01,  N=8). 


Dark-adapted  electroreti nogram  (ERG)  recordings  were  performed  8  weeks  after  exposure  to  blast  (Figure  1 1 ). 
There  was  no  decrease  in  either  a-wave  or  b-wave  amplitudes  in  the  mice  exposed  to  blast  compared  to 
controls.  To  the  contrary,  there  was  a  trend  towards  higher  a-wave  and  b-wave  amplitudes.  This  result 
suggests  that  the  impaired  contrast  sensitivity  is  due  to  inner  retinal  damage. 

A-wave  B-wave 


Consistent  with  this  hypothesis,  two  months  after  exposure  to  blast,  the  outer  retina  of  mice  exposed  to  blast 
injury  looked  relatively  normal;  although  morphometric  analysis  of  the  images  remains  to  be  done,  there  appears 
to  be  loss  of  RGCs  and  thinning  of  the  inner  plexiform  later  (Figure  12).  In  flat  mounted  retinas,  a  statistically 
significant  reduction  in  Thyl-CFP  retinal  ganglion  cells  was  observed  in  both  the  central  and  peripheral  retina 
following  blast  injury  (Figurel 3). 


Figure  12.  Morphology  of  the  retina  2  months  after 
1  blast  injury.  Representative  5pm  plastic  sections  of 
ipl  retina  from  control  mice  and  mice  exposed  to  blast. 

RGC,  retinal  ganglion  cell  layer;  IPL,  inner  plexiform 
NL  layer;  INL,  inner  nuclear  layer;  ONL,  outer  nuclear 
layer;  RPE,  retinal  pigment  epithelium. 
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Figure  13.  Retinal  ganglion  cell  numbers  were  reduced  two  months  after  exposure  to  ~46psi  blast. 

A.  Representative  images  of  flat  mounted  retinas  showing  Thyl-CFP  retinal  ganglion  cells.  B.  Retinal  ganglion  cells  were 
counted  in  eight  636.5  x  636.5  pm  fields  from  each  flat  mounted  retina.  N-3-4;  p<0.02. 


Effect  of  HIOC  on  the  contrast  sensitivity  deficit  of  mice  exposed  ~46  psi  blast  injury. 


B 


Control  Vehicle  HIOC 

blast  blast 


Figure  14.  HIOC  protects  visual 
function  from  blast-induced  injury. 
Mice  were  treated  with  HIOC  (40 
mg/kg,  ip)  on  the  day  of  blast 
exposure  and  daily  for  1  week.  Blast 
was  delivered  to  the  right  eye  of  the 
Vehicle  and  HIOC  groups.  A 
separate  untreated  control  group,  not 
exposed  to  blast  or  drugs,  was 
included.  Contrast  sensitivity  was 
measured  on  the  8th  day.  Comparing 
left  and  right  eye  or  blast  to 
untreated  control  gave  comparable 
results.  Blast  significantly  decreased 
contrast  sensitivity  in  the  vehicle- 
treated  mice  (aP<0. 001).  HIOC 
significantly  reduced  the  blast- 
induced  decrease  in  contrast 
sensitivity  (bP<0.01;  CP<0.05). 


We  developed  a  new  method  to  synthesize  gram  quantities  of  HIOC 
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(Setterholm  et  al.,  2015).  Thyl-CFP  mice  were  treated  with  40  mg/kg  of  HIOC  on  the  day  of  blast  and  daily  for  1 
week.  In  this  experiment,  a  separate  control  group  that  was  not  exposed  to  blast  was  included  in  order  to 
compare  the  use  of  the  contralateral  eye  of  the  blast  mice  as  control  vs  a  naive  control.  In  this  experiment, 
exposure  to  blast  caused  a  46%  decrease  in  contrast  sensitivity  in  the  vehicle  treated  blast  eye  group  vs  the 
naive  control,  and  only  a  14%  decrease  in  the  HIOC  treated  mice  (Figure  14A).  HIOC  significantly  protected 
from  blast-induced  loss  of  function  (p<0.001).  A  very  similar  result  was  observed  when  using  the  contralateral 
eye  as  control  (Figure  14B;  Vehicle,  45%;  HIOC  17%). 


We  also  tested  LM22A-4,  another  TrkB  activator  (Massa  et  al.,  2010),  under  similar  conditions,  and  found  that  it 
also  reduced  the  decrease  of  contrast  sensitivity  following  blast  injury  to  the  eye  (p<0.05;  data  not  shown). 
However,  it  was  not  as  effective  as  HIOC  at  mitigating  the  effects  of  blast  injury  to  the  eye.  Therefore,  we 
focused  our  attention  on  HIOC. 
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Figure  15.  Effect  of  HIOC  and  meloxicam  (Melox)  on  loss  visual  function  following  blast  injury  to  the 
eye.  Mice  were  exposed  to  single  ~48  psi  blast  directed  to  the  eye.  They  were  treated  daily  with  HIOC  (40 
mg/kg  ip),  meloxicam  (5  mg/kg  sc),  the  two  drugs  together,  or  vehicles  for  7  days  beginning  on  the  day  of  blast 
injury  or  vehicles.  A  separate,  uninjured  group  (Control)  was  included  for  comparison.  Visual  function  was  tested 
1  week  and  1  month  after  injury.  A.  Contrast  sensitivity  1  week  after  injury;  N=6-8.  a)  Control  vs  Vehicle, 
p<0.001;  b)  HIOC  vs  Vehicle  p<0.001,  vs  Control  p<0. 05;  c)  Meloxicam  vs  Vehicle  p<0.05,  Meloxicam  vs 
HIOC  and  vs  Control,  p<0.001;  Meloxicam  +  HIOC  vs  Control p<0.01 ,  vs  Vehicle  p<0.001,  vs  HIOC  not 
significant  (NS),  vs  Meloxicam  p<0. 001 .  B.  Visual  acuity  1  week  after  injury;  N=6-8.  a)Vehicle  vs  Control 
p<0.001,  vs  HIOC  p<0.001;  b)  Meloxicam  vs  Control p<0.001,  vs  HIOC  p<0.01,  vs  Vehicle  NS;  c)  Meloxicam  + 
HIOC  vs  Control  p<0.05,  vs  Vehicle  p<0.001,  vs  HIOC  NS,  vs  Meloxicam  NS.  C.  Contrast  sensitivity  1  month 
after  injury;  N=6-7.  a)  Vehicle  vs  Control  p<0.001,  vs  HIOC  p<0.001;  Meloxicam  or  Meloxicam  +  HIOC  vs 
Control  p<0.01,  vs  Vehicle  p<0.01.  D.  Visual  acuity  1  month  after  injury;  N=6-7.  a)  Vehicle  vs  Control  p<0. 001, 
vs  HIOC  p<0.001;  b)  Meloxicam  vs  Control p<0.001,  vs  HIOC  p<0.01,  vs  Vehicle  NS;  c)  Meloxicam  +  HIOC  vs 
Control  p<0. 05,  vs  Vehicle  p<0.01,  vs  HIOC  NS,  vs  Meloxicam  NS. 

Blast  injury  to  the  eye  is  associated  with  microglial  activation  and  reactive  gliosis  (Fig.  8),  indicative  of 
inflammatory  reactions.  We  therefore  sought  to  examine  the  possible  benefit  of  a  combination  of  HIOC  and  anti¬ 
inflammatory  drugs  or  immune  modulators  in  the  treatment  of  traumatic  blast  injury  to  the  eye.  Thyl  -CFP  mice 
were  exposed  to  a  single  ~48  psi  blast  directed  to  the  eye  and  treated  with  vehicle,  the  TrkB  activator  HIOC  (40 
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mg/kg  ip),  the  non-steroidal  anti-inflammatory  drug  meloxicam  (5mg/kg  sc),  or  a  combination  of  the  two  drugs. 
Drugs  were  administered  for  1  week  beginning  on  the  day  of  blast.  Visual  function  (contrast  sensitivity  and 
visual  acuity)  was  assessed  by  optokinetic  tracking  (OKT)  1  week  and  1  month  after  blast  injury  (Figure  15). 
Exposure  to  blast  reduced  contrast  sensitivity,  measured  at  a  spatial  frequency  of  0.064  cycles/  degree  (c/d),  by 
35  %  and  46  %  in  the  vehicle-treated  mice  at  1  week  and  1  month,  respectively  (Fig.  15  A,  C;  p<0.001).  HIOC 
partially  reversed  the  loss  of  contrast  sensitivity  at  1  week  and  completely  reversed  the  loss  at  1  month 
(p<0.001).  Meloxicam  alone  had  a  small,  but  significant  protective  effect  at  both  time  points,  but  the  effect  was 
significantly  less  than  that  of  HIOC  alone  (p<0.01 ).  The  combined  effect  of  HIOC  and  meloxicam  was  no  more 
effective  that  HIOC  alone  at  1  week,  and  was  significantly  less  effective  than  that  of  HIOC  alone  at  1  month. 
Similar  trends  were  observed  when  measuring  visual  acuity  (Fig.  15B,  D),  although  the  effects  were  smaller  in 
all  groups,  as  observed  previously.  We  conclude  that  the  40  mg/kg  dose  of  HIOC  causes  nearly  complete 
recovery  of  function  from  the  blast  injury.  Meloxicam  alone  had  a  small  protective  effect  against  blast  injury,  and 
that  meloxicam  in  combination  with  HIOC  is  no  more  beneficial  than  HIOC  alone  under  these  conditions.  It 
remains  to  be  determined  if  it  might  potentiate  the  effect  of  a  lower  dose  of  HIOC  or  provide  better  protection 
from  retinal  ganglion  cell  (RGC)  death. 
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Figure  16.  Effect  of  HIOC  and  FTY720  on  loss  visual  function  following  blast  injury  to  the  eye.  Mice  were 
exposed  to  single  ~48  psi  blast  directed  to  the  eye.  They  were  treated  daily  with  HIOC  (40  mg/kg  ip),  FTY720 
(10  mg/kg  ip),  the  two  drugs  together,  or  vehicles  for  7  days  beginning  on  the  day  of  blast  injury  or  vehicles.  A 
separate,  uninjured  group  (Control)  was  included  for  comparison.  Visual  function  was  tested  1  week  and  1 
month  after  injury.  A.  Contrast  sensitivity  1  week  after  injury;  N=6.  a)  Vehicle  vs  Control  p<0.001;  b)  HIOC  vs 
Control p<0.01;  vs  Vehicle  p<001;  c)  FTY720  vs  Control  p<0.001,  vs  Vehicle  NS,  vs  HIOC  p<0.001;  d)  HIOC  + 
FTY720  vs  Control  p=0. 001 ,  vs  Vehicle  p<0. 001,  vs  HIOC  NS;  vs  FTY720  p=0.001.  B.  Visual  acuity  1  week 
after  injury;  N=6.  No  significant  differences.  C.  Contrast  sensitivity  1  month  after  injury;  N=6.  a)  Vehicle  vs 
Control  p<0.001,  vs  HIOC  p<0.001;  b)  FTY720  vs  Control  p<0.001,  vs  Vehicle  NS,  vs  HIOC  p<0.001;  d)  HIOC  + 
FTY720  vs  Control  p<0. 05,  vs  Vehicle  p<0. 001 ,  vs  HIOC  NS,  vs  FTY720  p<0.001 .  D.  Visual  acuity  1  month 
after  injury;  N=6.  No  significant  differences. 


The  effect  of  FTY720  (fingolimod),  alone  and  in  combination  with  HIOC  was  tested.  FTY720  is  a  sphingosine  1  - 
phosphate  receptor  agonist  that  reduces  neuroinflammation  in  part  by  switching  microglia  to  a  neuroprotective 
phenotype  and  by  inhibiting  lymphocyte  migration;  it  has  shown  clinical  efficacy  in  the  treatment  of  stroke  and 
multiple  sclerosis  patients  (Noda  et  al.,  2013;  Yang  et  al.,  2014;  Fu  et  al.,  2014).  Mice  were  exposed  to  a  single 
~48  psi  blast  directed  to  the  eye  and  treated  with  vehicle,  HIOC  (40  mg/kg  ip),  FTY720  (lOmg/kg  ip),  or  a 
combination  of  the  two  drugs.  Drugs  were  administered  for  1  week  beginning  on  the  day  of  blast.  Visual 
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function  (contrast  sensitivity  and  visual  acuity)  was  assessed  1  week  and  1  month  after  blast  injury  (Figure  16). 
Exposure  to  blast  reduced  contrast  sensitivity,  measured  at  a  spatial  frequency  of  0.064  cycles/  degree  (c/d),  by 
44  %  and  42  %  in  the  vehicle-treated  mice  at  1  week  and  1  month,  respectively.  FTY720  alone  did  not 
significantly  improve  contrast  sensitivity  in  the  mice  exposed  to  blast.  HIOC  significantly  reduced  the  loss  in 
contrast  sensitivity  to  15%  and  12%  at  1  week  and  1  month,  respectively.  HIOC  and  FTY720  together  provided 
no  additional  protection  over  HIOC  alone  under  these  conditions.  A  similar  trend  was  observed  when  measuring 
visual  acuity,  but  the  effects  were  not  statistically  significant. 

Defining  the  optimal  time  window  for  initiating  HIOC  treatment  following  exposure  to  a  48psi  blast. 

In  all  previous  experiments,  HIOC  was  administered  30  minutes  prior  to  exposure  to  blast.  This  protocol 
effectively  preserved  visual  function,  as  assessed  by  optokinetic  tracking  (OKT)  measurement  of  contrast 
sensitivity.  In  this  experiment,  we  determined  if  administration  of  HIOC  15  minutes  to  24  hours  after  blast  would 
also  be  effective.  HIOC  (40  mg/kg  ip)  or  vehicle  were  administered  for  1  week  beginning  on  the  day  of  blast. 
Visual  function  (contrast  sensitivity  and  visual  acuity)  was  assessed  1  week  and  4  months  after  blast  injury 
(Figure  17).  Exposure  to  blast  reduced  contrast  sensitivity,  measured  at  a  spatial  frequency  of  0.064  cycles/ 
degree  (c/d),  by  51  %  and  55  %  in  the  vehicle-treated  mice  at  1  week  and  4  months,  respectively.  HIOC 
administered  before  blast  injury  partially  reversed  the  loss  of  contrast  sensitivity  at  1  week  (P<0.05)  and 
completely  reversed  the  loss  at  4  months  (p<0.001).  HIOC  administered  15  minutes,  1  hour,  or  3  hours  after 
blast  injury  was  as  effective  as  the  drug  administered  before  injury;  contrast  sensitivity  of  those  treated  with 
HIOC  before  blast  was  not  statistically  different  from  contrast  sensitivity  of  mice  administered  HIOC  1 5,  60  or 
180  minutes  after  blast  (p>0.2).  Visual  acuity  was  not  significantly  affected  one  week  after  blast  injury  (data  not 
shown).  Four  months  after  blast,  visual  acuity  was  reduced  in  the  blast  vehicle  group  (Figure  1 7;  p<0.001 ). 

HIOC  treatment  showed  an  effect  on  visual  acuity  that  was  similar  to  that  observed  on  contrast  sensitivity. 
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Figure  17.  Effect  of  HIOC,  administered  before  or  after  exposure  to  48psi  blast,  on  visual  acuity  and 
contrast  sensitivity,  assessed  4  months  after  blast  injury.  Mice  were  exposed  to  single  ~48  psi  blast 
directed  to  the  eye.  They  were  treated  with  HIOC  (40  mg/kg  ip),  0.5  hour  before  blast  or  0.25,  1,  3  or  24  hours 
after  blast.  Vehicle  was  administered  0.5  hours  before  blast.  A  separate,  uninjured  group  (Naive)  was  included 
for  comparison.  HIOC  and  vehicle  were  subsequently  injected  daily  for  an  additional  6  days.  Visual  function  was 
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tested  4  months  after  injury.  A.  Contrast  sensitivity  1  week:  a)  p<0.001  vs.  Sham;  b)  p<0.05  vs  HIOC  at  -0.05, 
0.25,  1,  and  3  hours.  B.  Contrast  sensitivity  4  months:  a)  p<0.001  vs  Sham;  b)  p<0.001  vs  Vehicle  and  HIOC  24 
hours;  c)  not  significant  (p>0.2)  vs  Sham.  N=5-6. 

These  data  indicate  that  HIOC,  administered  for  1  week,  can  prevent  or  reduce  the  loss  visual  function  if  it  is 
administered  with  3  hours  of  blast  injury.  The  effect  of  the  therapy  was  greater  4  months  after  blast  than  one 
week,  suggesting  that  following  one  week  of  treatment  functional  recovery  continues  and  vision  improves. 

Effect  of  HIOC.  administered  after  ~48psi  blast,  on  retinal  ganglion  cell  loss. 


Thyl-CFP  mice  were  exposed  to  a  single  ~48psi  blast  and  were  injected  with  vehicle  or  HIOC  (40  mg/kg  ip)  15 
minutes  later.  The  mice  were  then  injected  with  vehicle  or  HIOC  daily  for  the  next  6  days.  After  4  months,  mice 
were  euthanized  and  retinal  flat  mounts  were  prepared.  Fluorescent  retinal  ganglion  cells  were  counted  in  eight 
fields,  4  in  central  retinal  and  4  in  peripheral  retina.  As  reported  previously,  blast  caused  a  small  reduction  in 
retinal  ganglion  cells  (RGCs)  (Figure  18).  The  effect  was  statistically  significant  only  in  peripheral  retina 
(p<0.05).  HIOC  administration  significantly  preserved  RGCs  in  peripheral  retina  (p<0.05).  Similar  trends  were 
obsserved  in  central  retina,  but  they  were  not  statistically  significant. 


Figure  18.  Effect  of  HIOC,  administered  after  exposure  to  48  psi,  on  retinal  ganglion  cell  loss.  Mice  were 
exposed  to  single  ~48  psi  blast  directed  to  the  right  eye.  They  were  treated  with  HIOC  (40  mg/kg  ip)  or  vehicle 
15  min  later.  A  separate,  uninjured  group  (Naive)  was  included  for  comparison.  HIOC  and  vehicle  were 
subsequently  injected  daily  for  an  additional  6  days.  Four  months  after  exposure  to  blast,  fluorescent  RGCs 
were  counted  in  eight  fields,  4  in  central  retinal  and  4  in  peripheral  retina.  Data  are  expressed  as  a  ratio  of  the 
RGCs  in  between  the  right  (blast)  and  left  (contralateral)  eyes,  normalized  to  account  for  inter-animal  differences 
in  numbers  of  fluorescent  RGCs.  *p<0.05  vs  Naive  and  vs  HIOC  blast.  N=6  /group. 

Effect  of  blast  directed  at  the  eve  on  optic  nerve  axon  survival:  mitigation  by  HIOC. 


Mice  were  exposed  to  ~48psi  blast  to  the  right  eye  and  treated  with  HIOC  (40  mg/kg,  i.p.)  or  vehicle  15  minutes 
later;  a  separate,  naive  control  group  was  included  for  comparison.  Treatment  continued  daily  for  the  next  6 
days.  Mice  were  euthanized  four  months  later;  optic  nerves  were  dissected,  embedded  in  plastic  and  sectioned. 

Optic  nerve  axons  were  counted  as 
described  in  Templeton  et  al.  (2014). 

Blast  caused  a  46%  reduction  in  axons  in 
the  vehicle-treated  mice  (**p<0.01),  but  no 
significant  decrease  in  axons  in  the  HIOC 
treated  mice  (Fig.  10,  Fig.  19,  20). 
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Figure  19.  Effect  of  48  PSI  blast  with 
and  without  HIOC  on  optic  nerve  axon 
numbers.  Data  are  expressed  as  a  ratio 
of  the  axon  numbers  in  the  optic  nerve  of 
the  right  eye,  exposed  to  blast 
overpressure,  divided  by  the  number  of 
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axons  in  the  left,  contralateral  eye  of  each  mouse.  N=6  per  group. 


Vehicle  blast 


Vehicle  no  blast 


HIOC  blast  HIOC  no  blast 


Figure  20.  Representative 
photomicrographs  of  optic  nerves 
from  vehicle-treated  or  HIOC- 
treated  mice.  On  the  left  are  the 
nerves  of  eyes  exposed  to  blast;  on 
the  right  are  the  nerves  from  the 
contralateral  eyes  of  the  same  mice. 
Note  the  loss  of  axons  in  the  optic 
nerve  of  the  vehicle  treated  mouse, 
but  not  of  the  HIOC  treated  mouse. 


Does  HIOC  preserve  visual  function  by  stimulating  BDNF/TrkB  receptors? 

We  previously  showed  that  HIOC  stimulates  TrkB,  resulting  in  its  phosphorylation  and  activation  of  downstream 
signaling  (Shen  et  al.,  2012),  but  it  is  unknown  if  the  efficacy  of  the  drug  in  preventing  blast-induced  vision  loss 
occurs  through  this  mechanism.  Towards  the  end  of  Q3  FY2015,  we  initiated  a  study  to  explore  the  mechanism. 
ANA12  is  a  selective  TrkB  antagonist  that  binds  to  the  receptor  and  inhibits  downstream  signaling  (Cazarola  et 
al.,  2011).  We  tested  the  ability  of  ANA12  to  block  the  protective  action  of  HIOC.  The  results  suggested  that 
ANA12  blocked  the  beneficial  effect  of  HIOC  on  visual  function.  However,  the  blast -induced  decrease  in  visual 
function  was  less  than  typically  observed  in  previous  experiments,  and  the  beneficial  effect  of  HIOC  was  smaller 
than  usual.  We  therefore  repeated  the  experiment.  Mice  were  exposed  to  a  single  ~48  psi  blast  and 
administered  HIOC  (40  mg/kg  ip)  or  vehicle15  min  later.  Daily  injections  continued  for  6  days.  Mice  were 
pretreated  with  ANA12  (0.5  mg/kg  ip)  or  its  vehicle  2.5  hours  before  each  HIOC  /  vehicle  injection.  One  month 
after  exposure  to  blast,  contrast  sensitivity  and  visual  acuity  were  reduced  in  the  vehicle-treated  mice  (Figure  21 ; 
p<0.001).  Treatment  with  HIOC  (plus  the  vehicle  for  ANA12)  reduced  the  loss  of  contrast  sensitivity  (p<0.001). 
Administration  of  ANA12  alone  had  no  effect  on  the  blast-induced  loss  of  contrast  sensitivity,  but  completely 
blocked  the  effect  of  HIOC.  The  results  indicate  that  HIOC  mitigates  blast-induced  vision  loss  by  activating 
TrkB. 


Visual  acuity  1  month  after  blast  Contrast  sensitivity  1  month  after  blast 


Figure  21.  Effect  of  ANA  12  on  the  mitigation  of  blast-induced  vision  loss  by  HIOC.  See  text  for  details. 
N=6/ group,  a)  p<0.001  vs  Naive;  b)  p<0.001  vs  Vehicle,  ANA12,  and  HIOC/ANA12. 
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Optic  nerve  axon  counts  from  this  experiment  showed  that  blast  injury  caused  -35%  loss  of  optic  nerve  axons  in 
vehicle-treated  mice  measured  5  weeks  after  blast  (Figure  22;  p<0.013).  HIOC  nearly  completely  prevented  this 
axon  loss.  ANA12  appeared  to  partially  block  the  effect  of  HIOC,  as  there  was  no  significant  difference  between 
the  axon  numbers  of  mice  receiving  ANA12  alone  and  ANA12  plus  HIOC.  However,  there  was  no  significant 
difference  between  HIOC  alone  and  ANA12  plus  HIOC. 


Figure  22.  Effect  of  ANA  12  on  the  mitigation  of  blast-induced  optic  nerve  axon  loss  by  HIOC.  See  text 
for  details.  N=5-6  / group,  a)  p<0.013  vs  Naive;  b)  p<0.014  vs  Vehicle. 


Effect  of  HIOC  on  ocular  blast-induced  GFAP  expression  in  the  retinal  ganglion  cell  layer. 

Glial  fibrillary  acidic  protein  (GFAP)  is  a  marker  of  astrocytes,  and  is  expressed  in  Muller  glial  cells  when  the 
outer  retina  is  damaged.  We  previously  reported  that  48  psi  blast  directed  at  the  front  of  the  eye  caused  an 
upregulation  of  glial  fibbrillary  acidic  protein  (GFAP)  in  astocytes  in  the  nerve  fiber  and  ganglion  cell  layer,  but 
not  in  Muller  glial  cells.  In  this  study,  we  exammined  the  effect  of  HIOC  (40  mg/kg,  i.p.)  on  this  response.  Mice 
were  subjected  to  a  single  blast  at  48  psi.  HIOC  or  vehicle  was  injected  15  min  after  blast,  and  once  daily  for 
the  next  6  days.  Eyes  were  dissected  7  days  after  blast.  As  shown  in  the  representative  images  in  Figure  23, 
exposure  to  blast  caused  an  increase  of  GFAP  expression,  indicative  of  gliosis  in  the  nerve  fiber  layer  and 
ganglion  cell  layer.  Consistent  with  our  previous  results,  there  was  no  apparent  increase  in  GFAP  in  Muller  cell 
processes  in  the  inner  plexiform  or  inner  nuclear  layers.  HIOC  produced  an  obvious  reduction  GFAP  expression 
in  the  eyes  exposed  to  blast.  To  quantify  the  changes  of  GFAP,  the  average  length  of  GFAP-labeled  processes 
was  measure  in  nerve  fiber  and  ganglion  cell  layers  of  peripheral  and  central  retina  (Figure  24).  Blast 
significantly  increased  GFAP  process  length  in  the  peripheral  retina  (p<0.05),  and  this  effect  was  significantly 
reversed  by  HIOC  treatment.  A  similar  trend  was  observed  in  the  central  retina,  but  it  was  not  statistically 
significant  due  to  increased  variability.  The  results  suggest  that  blast  induces  reactive  astrocytosis,  and  that 
treatment  with  HIOC  reduces  this  effect.  This  may  contribute  to  the  preservation  of  visual  function  by  HIOC. 


Sham  Vehicle  /  blast  HIOC  /  blast 

Figure  23.  HIOC  reduces  the  induction  of  gliosis  caused  by  ocular  blast. 

Representative  images  of  GFAP  labeling  (red)  in  mice  exposed  to  48  psi  blast,  treated  with  vehicle  or  HIOC  (40 
mg/kg,  i/p.).  Sample  sizes:  Sham  3,  Vehicle  6,  HIOC  5.  Blue  labeling  is  the  nuclear  stain  DAPI. 
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peripheral  retina  central  relina 


Figure  24.  Quantification  ofaverage 

GFAP  process  length  in  the  nerve 

fiber  layer  and  GCL.  Mice  were 
exposed  to  48  psi  blast,  treated  with 
vehicle  or  HIOC  (40  mg/kg,  i/p.). 

Retinas  were  stained  for  GFAP 
immunoreactivity  7  days  after  blast. 
Sample  sizes:  Sham  3,  Vehicle  6,  HIOC 
5.  *p<0.05. 


Effect  of  HIOC  on  blast-induced  Ibal -labeled  microglia. 

Mice  were  treated  as  described  above.  Retinal  sections  were  stained  for  Ibal .  Representative  sections  are 
shown  in  Figure  25.  Image  analysis  was  performed  to  assess  microglial  activation.  The  samples  are  still  being 
imaged,  but  preliminary  observations  suggest  that  HIOC  reduces  blast-induced  microglial  activation  (see  Figure 
5). 


Figure  25.  Effect  of  HIOC  on  ocular  blast-induced  microglial  activation  in  the  retina. 

Representative  images  of  Iba  1  labeling  (red)  in  mice  exposed  to  48  psi  blast,  treated  with  vehicle  or  HIOC  (40 
mg/kg,  i/p.).  Blue  labeling  is  the  nuclear  stain  DAPI.  A.  sham;  B.  blast  +  vehicle;  C.  blast  +  HIOC;  D. 
quantification  of  Ibal  staining  density  of  amoeboid-shaped  microglia  using  Image-J.  N=3-4.  a)  p<0.02  vs  sham; 
b)  p<0.05  vs  HIOC. 


SD-OCT  measurements  of  retina  following  blast  directed  at  the  eve. 

Spectral-domain  optical  coherance  tomography  (SD-OCT)  was  used  to  assess  effects  of  blast  on  retinal  layers  1 
day  and  7  days  after  48  psi  blast,  in  mice  treated  with  vehicle  or  HIOC  as  described  above.  One  day  after  blast, 
no  significant  changes  in  total  retinal  thickness,  photoreceptor  layer  thickness,  or  ganglion  cell  /  nerve  fiber  layer 
thickness  were  observed  (data  not  shown).  However,  7  days  after  blast  there  was  a  statistically  significant 
reduction  in  ganglion  cell  /  nerve  fiber  layer  thickness  in  the  vehicle-treated,  blast-exposed  mice  (Fig.  26; 
p<0.001).  Other  retinal  layers  were  unaltered.  Treatment  with  HIOC  (40  mg/kg)  significantly  reduced  the  loss  of 
ganglion  cell  /  nerve  fiber  layer  thickness  caused  by  ocular  blast  (Fig.  26;  p<0.01 ). 
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Figure  26.  Ocular  blast  reduces  ganglion  cell  /nerve  fiber  layer  thickness:  protection  by  HIOC.  N=6  per 
group. 


Specific  Aim  3B.  To  examine  the  ability  of  HIOC  to  preserve  visual  function  resulting  from  traumatic 
brain  injury. 

Effect  of  different  blast  pressures  directed  at  the  head  on  visual  function.  To  further  characterize  the 
effects  of  blast  directed  at  the  head,  we  compared  the  effects  of  50  psi  and  70  psi  blast  pressure.  Mice  were 
exposed  to  single  blast  directed  at  the  right  side  of  the  head.  Visual  function  was  tested  one  and  two  weeks 
after  blast  exposure.  Contrast  sensitivity  was  reduced  more  at  2  weeks  (Fig.  28)  than  at  1  week  (Fig.  27)  for 
both  pressures.  For  visual  acuity,  no  significant  reduction  was  observed  at  1  week  after  exposure,  but 
significant  reductions  were  observed  at  2  weeks.  These  observations  are  indicative  of  a  progressive  loss  of 
visual  function  following  head  blast.  With  both  blast  pressures,  the  loss  of  contrast  sensitivity  detected  through 
the  right  eye  was  reduced  more  than  that  detected  through  the  left  eye  when  measured  two  weeks  after  blast 
exposure  (p<0.001),  and  the  effect  of  70psi  blast  pressure  was  significantly  greater  than  that  of  50  psi  (p<0.001 ; 
Fig.  28).  A  similar  pattern  was  observed  for  loss  of  visual  acuity  at  2  weeks,  where  acuity  detected  through  the 
right  eye  was  significantly  worse  than  through  the  left  eye  following  70  psi  blast  (p<0.001),  but  not  following  50 
psi  blast  (Fig.  28).  Similar  to  contrast  sensitivity,  70  psi  caused  a  greater  loss  of  visual  acuity  compared  to  that 
observed  with  50  psi  (p<0.001  right  eye;  p<0.05  left  eye).  In  view  of  these  results  we  have  chosen  to  use  70  psi 
blast  in  all  future  experiments  because  of  the  more  robust  loss  of  visual  function  compared  to  50  psi. 


A.  Contrast  sensitivity 


B.  Visual  Acuity 


I  Right 


SOnftj  70n*t 


Figure  27.  Comparison  of  different  blast  pressures  measured  1  week  after  exposure.  Mice  were  treated  as 
described  above.  Contrast  sensitivity:  a  vs  b,  c,  and  e,  not  significant;  b  vs  d,  p<0.05;  b  vs  f,  p<0.001;  d  vs  f, 
p<0.005;  c  vs  d,  p<0.05;  e  vs  f,  p<0.001.  Visual  acuity:  no  significant  differences.  N=6  mice  per  condition. 
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A.  Contrast  Sensitivity 


B.  Visual  Acuity 


Figure  28.  Comparison  of  different  blast  pressures  measured  2  weeks  after  exposure.  Mice  were  treated 
as  described  above.  Contrast  sensitivity:  a  vs  b,  not  significant;  a  vs  c;  p<0.05;  a  vs  e,  p<0.001;  b  vs  d  and  f, 
p<0.001;  d  i/s  f,  p< 0.001;  c  vs  d,  p<0.001;  e  i/s  f,  p<0.001.  Visual  acuity:  a  i/s  b,  not  significant;  a  i/s  c,  not 
significant;  a  vs  e,  p<0.001;  bvsd  and  f,  p<0.001;  d  i/s  f,  p<0.001;  c  vs  d,  not  significant;  e  i/s  f,  p<0.001.  N=6 
mice  per  condition. 

Effect  of  blast  overpressure  directed  at  the  side  of  the  head  on  cerebral  microglia 

Mice  were  exposed  to  a  single  ~70  psi  blast  to  the  side  of  the  head  (TBI).  Brain  sections,  prepared  21  days  after 
blast  exposure,  were  immunostained  for  Ibal  to  label  microglia.  We  observed  microglial  activation  in  the  cortex 
of  the  blasted  side  of  the  brain  (Figure  29). 


Naive  21  days  post-TBI 


Figure  29.  Representative  Ibal  immunostained  brain  section  from  naive  mice  and  mice  exposed  to  blast 
directed  at  the  side  of  the  head  (TBI). 


Effect  of  HIOC  on  vision  loss  from  blast  directed  at  the  side  of  the  head. 


We  tested  the  efficacy  of  HIOC  in  treating  the  loss  of  visual  function  from  blast  overpressure  directed  at  the  side 
of  the  head  (Figure  30).  Mice  were  exposed  to  a  single  blast  of  ~70  psi  directed  on  the  right  side  of  the  head. 
Visual  acuity  and  contrast  sensitivity  were  measured  seperately  for  right  and  left  eyes.  Blast  directed  at  the  right 
side  of  the  head  resulted  in  decrease  in  contrast  sensitivity  mediated  through  both  eyes  (p<0.001),  indicative  of 
bilateral  brain  damage.  However,  the  loss  of  visual  function  was  greater  ipsilateral  to  the  blast  (p<0.001).  HIOC 
(40  mg/kg,  ip),  administered  for  the  first  week  after  blast,  significantly  reduced  the  loss  of  contrast  sensitivity  and 
visual  acuity  when  measured  one  month  after  the  blast  (p<0.001). 


19 


Contrast  sensitivity  one  month  after  TBI 


Visual  Acuity  one  month  after  TBI 


TBI  TBI 


Figure  30.  Effect  of  HIOC  on  the  loss  of  visual  function  from  head  trauma. 

Mice  were  exposed  to  a  single  ~70psi  blast  directed  at  the  right  side  of  the  head.  HIOC  (40 mg/kg  i.p.)  or  vehicle 
was  administered  15  minutes  after  exposure  to  blast,  and  daily  for  the  next  six  days.  A  naive  control  group  was 
included  for  comparison.  Visual  acuity  and  contrast  sensitivity  were  tested  one  month  after  exposure  to  blast. 
Head  trauma  significantly  decreased  contrast  sensitivity  and  visual  acuity  (ap<0.001  vs  Naive;  n=6/group),  with  a 
geater  decrement  in  visual  function  mediated  by  the  right  eye  (bp<0.001  vs  Vehicle  left;  n=6/group).  HIOC 
partially  prevented  this  loss  of  visual  function  cp<0.001  vs  Vehicle;  n=6/group). 

Because  the  protective  effect  of  HIOC  at  40  mg/kg  was  relatively  small,  we  tested  additional  doses,  ranging 
from  10-80  mg/kg,  examining  contrast  sensitivity  and  visual  function  mediated  through  the  right  eye  (Figure  31). 
Mice  were  exposed  to  a  single  blast  of  ~70  psi  directed  on  the  right  side  of  the  head.  Visual  acuity  and  contrast 
sensitivity  were  measured  1  week  after  blast.  At  1 0  mg/kg,  HIOC  had  no  protective  effect.  At  40  mg/kg,  HIOC 
had  a  small  protective  effect,  simar  in  magnitude  to  that  shown  in  Figure  30.  At  80  mg/kg,  the  highest  dose 
tested,  HIOC  completed  prevented  the  loss  of  TBI-induced  visual  dysfunction  (p<0.001  for  contrast  sensitivity 
and  p<0.01  for  visual  acuity). 


Figure  31.  Effect  of  HIOC  on  TBI-induced  loss  of  visual  function:  dose-response.  Mice  were  exposed  to  a 
single  ~70psi  blast  directed  at  the  right  side  of  the  head.  HIOC  or  vehicle  was  administered  15  minutes  after 
exposure  to  blast,  and  daily  for  the  next  six  days.  A  naive  control  group  was  included  for  comparison.  Visual 
function  was  tested  1  week  after  blast.  ap<0.001  vs  sham;  bp<0.001  vs  vehicle  and  10  mg/kg;  cp<0.01  vs  sham; 
dp<0.01  vs  vehicle  and  10  mg/kg.  N=5-6  per  group. 


4.  KEY  RESEARCH  ACCOMPLISHMENTS 

•  HIOC  reduces  the  loss  of  visual  function  following  blast  injury  to  the  eye  or  the  head. 
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•  The  protective  effect  of  HIOC  is  dose  dependent 

•  HIOC  reduces  the  induction  of  astrocyctosis  in  the  ganglion  cell  and  nerve  fiber  layers  from  ocular  blast. 

•  HIOC  reduces  the  thinning  of  the  ganglion  cell  /  nerve  fiber  layers  caused  by  ocular  blast. 

•  The  neuroprotective  effect  of  HIOC  involves  activation  of  BDNF  /  TrkB  receptors. 

5.  CONCLUSIONS 

Our  results  indicate  that  HIOC  preserves  visual  function  and  optic  nerve  axons  following  blast  injury  to  the  eye.  HIOC 
reduces  loss  of  visual  function  following  blast  injury  to  the  head.  The  mechanism  of  action  of  HIOC  involves  activation  of 
BDNF  /  TrkB  receptors.  HIOC  may  be  useful  for  preventing  vision  loss  in  soldiers  exposed  to  blast  overpressure. 


6.  PUBLICATIONS,  ABSTRACTS,  AND  PRESENTAIONS 
a.  Publications 

1 .  Lay  press:  none 

2.  Peer-reviewed  scientific  journals: 

Setterholm,  N.A.,  McDonald,  F.E.,  Boatright,  J.H.,  luvone,  P.M.:  Gram  scale,  chemoselective 
synthesis  of  A/-[2-(5-hydroxy-1  H-indol-3-yl)ethyl]-2-oxopiperidine-3-carboxamide  (HIOC). 

Tetrahedron  Lett.,  56:  3413-3415,  2015.  http://dx.doi.Org/1 0.1 01 6/i.tetlet.201 5.01 . 1 67:  PMID:  26028783; 
PMC4445863. 

Struebing  F,  King  R,  Li  Y,  Chrenek  M,  Lyuboslavsky  P,  Sidhu  C,  luvone  PM,  Geisert  E.  Transcriptional  changes  in 
the  mouse  retina  following  ocular  blast  injury:  A  role  for  the  immune  system.  J.  Neurotrauma,  2017  Jun  9. 
https://doi.Org/1 0.1 089/neu.201 7.51 04:  [Epub  ahead  of  print];  PMID:  28599600. 

Dhakal  S,  Lyuboslavsky  P,  He  L,  Sidhu  C,  Struebing  FL,  Boatright  JH  Geisert  EE,  McDonald,  FE,  Sutterholm  NA, 
luvone  PM.  Closed-globe  trauma  to  the  eye  causes  loss  of  visual  function  and  optic  nerve  degeneration: 
Protection  by  HIOC  through  a  BDNF/TrkB  receptor  mechanism.  In  preparation. 

luvone  PM,  Dhakal  S,  Brock  J,  He  L,  Lyuboslavsky  P.  The  BDNF/TrkB  activator  HIOC  preserves  vision  in  mouse 
model  of  traumatic  brain  injury.  In  preparation. 

Foster  S,  Chrenek  M,  luvone  PM,  Boatright  JH.  A  novel  method  for  rapid  quantification  of  mouse  retinal  ganglion 
cell  loss.  In  preparation. 


3.  Invited  articles: 

Nothing  to  report 


b.  Abstracts  and  Presentations 

Boatright  JH,  Foster  S,  Chrenek  M,  luvone  M.  Novel  metrhod  for  deteremining  retinal  ganglion  cell  loss.  Poster 
Abstract  16,  ISER  Glaucoma  Symposium. 

Chrenek,  Micah  A.;  Sellers,  Jana;  Foster,  Stephanie  L.;  luvone,  P  M.;  Boatright,  Jeffrey  H.  Novel  method 
for  quantifying  loss  of  retinal  ganglion  cell  in  mice.  ARVO  eAbstract  397,  2014. 

Scott,  Jessica  and  luvone,  P  Michael.  T rkB  agonists  for  the  treatment  of  traumatic  vision  loss.  1 4th 
Annual  Rabb-Venable  Excellence  in  Research  Program,  National  Medical  Association 
Ophthalmology  Section. 

Setterholm,  N.A.,  McDonald,  F.E.,  Boatright,  J.H.,  luvone,  P.M.:  Gram  scale,  chemoselective 
synthesis  of  A/-[2-(5-hydroxy-1  H-indol-3-yl)ethyl]-2-oxopiperidine-3-carboxamide  (HIOC). 

Tetrahedron  Lett.,  56:  3413-3415,  2015.  http://dx.doi.oro/1 0.1 01 6/i.tetlet.201 5.01 . 1 67:  PMID:  26028783; 
PMC4445863. 


21 


Sidhu  C.,  Lyuboslavsky  P.,  Chrenek  M.  Struebing  F.L.,  Sellers  J.T.,  Setterholm  N.A.,  McDonald  F.E., 

Boatright  J.H.,  Geisert  E.E.,  luvone  P.M.:  Traumatic  blast-induced  injury  reduces  visual  function  and 

retinal  ganglion  cells  of  Thyl  -CFP  mice:  Mitigation  by  a  small  molecule  TrkB  activator.  Association  for  Research 

in  Vision  and  Ophthalmolgy,  eAbstract  6032-B0211,  2015. 

luvone  PM,  Lyuboslavsky,  P  Sidhu  C,  He  L,  Boatright  JH,  Geisert  EE.  Protection  from  blast-induced  vision  loss 
by  the  N-acetylserotonin  derivative  HIOC  through  a  BDNF/TrkB  receptor  mechanism.  Association  for  Research  in 
Vision  and  Ophthalmolgy,  eAbstract  737-B0370,  May  2016. 

luvone  PM,  Dhakal  S,  Lyuboslavsky  P,  He  L,  Struebing  FL,  Boatright  JH  Geisert  EE.  HIOC,  a  TrkB  receptor 
activator,  for  the  treatment  of  blast-induced  vision  loss.  XXII  Biennial  Meeting  of  the  International  Society  for  Eye 
Research,  September  2016. 

luvone  PM,  Dhakal  S,  Lyuboslavsky  P,  He  L,  Struebing  FL,  Boatright  JH,  Geisert  EE.  Closed-globe  trauma  to  the 
eye  causes  loss  of  visual  function  and  optic  nerve  degeneration:  Protection  by  the  N-acetyltryptamine  derivative 
HIOC  through  a  BDNF/TrkB  receptor  mechanism.  XVII  International  Symposium  on  Retinal  Degeneration, 
September  2016. 

luvone  PM,  Dhakal  S,  Lyuboslavksy  PN,  He  L,  and  Geisert  EE.  Loss  of  visual  function  following  blast-induced 
ocular  trauma  and  TBI:  Protection  by  HIOC  through  a  BDNF/TrkB  receptor  mechanism.  6th  Military  Vision 
Symposium  on  Ocular  and  Vision  Inury.  Boston,  MA.  March  2017. 


7.  INVENTIONS,  PATENTS  AND  LICENSES 

Nothing  to  report 

8.  REPORTABLE  OUTCOMES 

Nothing  to  report 

9.  OTHER  ACHIEVEMENTS 

Organized  and  spoke  at  a  symposium  at  the  XXII  Biennial  Meeting  of  the  International  Society  for  Eye  Research, 
“TBI  (traumatic  brain  injury):  visual  dysfunction  and  treatment.” 
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N-[2-(5-Hydroxy-lH-indol-3-yl)ethyl]-2-oxopiperidine-3-carboxamide  (HIOC)  is  a  potent  activator  of 
the  TrkB  receptor  in  mammalian  neurons  and  of  interest  because  of  its  potential  therapeutic  uses.  In 
the  absence  of  a  commercial  supply  of  HIOC,  we  sought  to  produce  several  grams  of  material.  However, 
a  synthesis  of  HIOC  has  never  been  published.  Herein  we  report  the  preparation  of  HIOC  by  the  chemo¬ 
selective  N-acylation  of  serotonin,  without  using  blocking  groups  in  the  key  acylation  step. 

©  2015  Elsevier  Ltd.  All  rights  reserved. 
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Introduction 

Tropomyosin  related  kinase  B  (TrkB)  is  a  neuronal  transmem¬ 
brane  receptor  protein  in  humans  and  other  mammals.  Small  pro¬ 
teins  such  as  brain-derived  neurotropic  factor  (BDNF)  bind  to  the 
extracellular  portion  of  TrkB,  triggering  autophosphorylation  of 
tyrosine  residues  in  its  intracellular  domain.  This  phosphorylation 
then  initiates  cascade-signaling  pathways  known  to  promote 
neuronal  differentiation  and  survival.  Several  small  molecules 
have  been  identified  as  agonists  of  Trk  receptors,2  including 
N-acetylserotonin  (NAS,  2,  Fig.  1)  as  a  TrkB  activator.  In  the  course 
of  investigating  the  TrkB  activity  of  other  serotonin  derivatives, 
N-[2-(5-hydroxy-lH-indol-3-yl)ethyl]-2-oxopiperidine-3-carboxamide 
(HIOC,  3)  has  displayed  greater  activation  of  TrkB,  and  exhibits  a 
longer  in  vivo  half-life  than  NAS.4  HIOC  has  also  demonstrated 
protective  activity  in  an  animal  model  for  light-induced  retinal 
degeneration,  and  can  pass  the  blood-brain  and  blood-retinal  bar¬ 
riers.4  Thus,  HIOC  is  a  compound  with  high  therapeutic  potential, 
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provided  that  this  compound  can  be  reliably  prepared  on  a  scale 
suitable  for  animal  studies. 

Although  HIOC  (3)  is  described  in  patents,5  a  method  for  its 
preparation  has  not  been  disclosed.  Moreover,  this  compound  is 
not  consistently  commercially  available.  Herein  we  describe  a 
method  for  the  gram-scale  synthesis  of  HIOC. 

At  the  first  glance,  HIOC  would  appear  to  be  trivially  prepared 
from  the  N-acylation  of  serotonin  (Fig.  2).  In  practice,  there  are  a 
number  of  plausible  challenges: 

(1)  serotonin  can  undergo  acylation  at  three  sites; 

(2)  the  carboxylic  acid  synthon  4  may  potentially  undergo 
decarboxylation  upon  standing;  and 

(3)  serotonin-HCl  1  and  the  carboxylic  acid  4  both  exhibit  poor 
solubility  in  most  organic  solvents. 

Results  and  discussion 

Carboxylic  acid  synthon  4  was  prepared  by  basic  hydrolysis  of 
the  commercially  available  ethyl  ester  5.  However,  the  literature 
did  not  provide  a  method  for  isolating  this  water-soluble 
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serotonin-HCI,  1  [N]  =  NH3  Cl" 
A/-acetylserotonin  (NAS),  2  [N]  =  NHAc 


HIOC,  3 


Figure  1.  Structures  of  serotonin  and  derivatives,  including  HIOC  (3). 
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EtO 


5 


KOH,  H20,  30  min; 
then  cone.  HCI;  then 
add  NaCI;  then 


extract  with 
CHCI3//-PrOH  (85:15) 


Scheme  1.  Preparation  and  isolation  of  2-oxo-3-piperidinecarboxylic  acid  (4). 


compound.  After  some  optimization  we  found  that  treatment  of 
ester  5  with  KOH  in  water,  followed  by  addition  of  concentrated 
HCI  and  saturation  of  the  aqueous  layer  with  solid  NaCI  allowed 
for  extraction  of  the  desired  acid  4  with  a  solvent  mixture  of  chlo¬ 
roform  and  isopropanol  (Scheme  l).8 

We  initially  attempted  to  couple  the  carboxylic  acid  4  with 
serotonin-HCI  (1)  by  activating  the  acid  using  carbodiimide 
reagents9  as  well  as  through  mixed  anhydride  formation.  0  In  the 
case  of  the  carbodiimide  reagents,  a  small  amount  of  HIOC  was 
detected  via  LC-MS,  but  could  not  be  isolated.  Attempts  to  activate 
4  with  methyl  chloroformate  furnished  the  methyl  ester  of  4  as  the 
only  identifiable  product.  Efforts  using  pivaloyl  chloride  were  also 
unsuccessful,  resulting  only  in  pivaloylation  of  the  primary  amine 
of  serotonin.  After  screening  additional  methods  we  found  that  the 
carboxylic  acid  could  be  activated  with  carbonyl  diimidazole 
(CDI).1  Addition  of  CDI  to  an  opaque  suspension  of  carboxylic  acid 
4  in  dichloromethane  provided  complete  conversion  to  the  soluble 
N-acyl  imidazole  derivative  6  (Scheme  2).  Addition  of  serotonin- 
HCI  (1)  to  intermediate  6  gave  some  conversion  to  the  desired 
amide  3.  This  acylation  procedure  was  plagued  by  the  poor  solubil¬ 
ity  of  serotonin-HCI  in  CH2C12,  and  N,0-bisacylated  product  7  was 
often  observed  from  these  heterogeneous  reaction  conditions, 
along  with  some  recovered  unacylated  serotonin.  However, 
dimethylformamide  (DMF)  solubilized  all  reaction  components, 
giving  66%  conversion  to  HIOC  (3)  after  3  h,  along  with  only  6% 
of  the  bisacylated  product  7  (Table  1,  entry  1).  The  product  3  was 
very  difficult  to  extract  from  an  aqueous  acidic  workup  of  the  reac¬ 
tion  mixture,  so  we  sought  an  alternative  to  DMF  as  the  solvent. 

Adding  an  equal  volume  of  triethylamine  to  the  reaction  mix¬ 
ture  in  CH2C12  prior  to  the  addition  of  serotonin-HCI  (1)  gave  some 
conversion  to  product,  however  the  serotonin-HCI  was  not  com¬ 
pletely  solubilized,  leading  to  a  small  amount  of  bisacylated  prod¬ 
uct  7  (entry  2).  On  the  other  hand,  addition  of  an  equal  volume  of 
pyridine  (~40  equiv  prior  to  addition  of  serotonin-HCI  1)  resulted 
in  a  completely  homogeneous  reaction  mixture  (entry  3).  After 
3  h,  the  reaction  had  proceeded  to  66%  conversion  and  high 
chemoselectivity  favoring  HIOC  (3),  with  only  a  trace  amount  of 


7 

Scheme  2.  Acylation  of  serotonin  with  carboxylic  acid  4. 


Table  1 

Optimization  of  reaction  conditions 


Entry 

Solvents 

Conversion  by  ’H  NMR 

Serotonin-HCI  (1)  (%) 

HIOC  (3)  (%) 

7(%) 

1 

DMFa 

25 

66 

6 

2 

1:1  CH2Cl2/Et3Nb 

68 

29 

3 

3 

1:1  CH2Cl2/pyridineb 

33 

66 

<1 

a  CDI  was  added  to  a  0.3  M  solution  of  4  in  DMF.  After  30  min,  another  volume  of 
DMF  was  added  followed  by  1  equiv  of  1. 

b  CDI  was  added  to  a  0.3  M  suspension  of  4  in  CH2C12.  After  aging  30  min,  an  equal 
volume  of  base  (triethylamine  or  pyridine)  was  added,  followed  by  1  equiv  of  1. 


Et3N  (2  equiv),  3  h 


Scheme  3.  Optimized  acylation  for  the  synthesis  of  HIOC  (3). 


N,0-bisacylated  product  detected  by  NMR.12  The  addition  of 
2  equiv  of  triethylamine  helped  to  push  the  reaction  to  completion 
over  the  course  of  3  h,  bringing  the  conversion  up  to  ~85% 
(Scheme  3).  Isolation  of  the  product  from  the  reaction  mixture 
was  non-trivial.  Concentration  of  the  reaction  mixture  followed 
by  dry  loading  of  the  unwieldy  crude  onto  a  silica  gel  column 
allowed  for  chromatographic  separation  with  ethyl  acetate/metha¬ 
nol  (9:1 )  as  eluent.  The  resulting  solid  was  washed  with  hot  diethyl 
ether  to  remove  remaining  imidazole  impurities  to  furnish  HIOC 
(3)  in  71%  yield  (Scheme  3). 

In  summary,  we  have  developed  a  short,  scalable,  and  highly 
reproducible  synthesis  of  HIOC  without  the  need  for  protective 
groups.  The  key  discovery  was  the  utility  of  the  additional  volume 
of  pyridine  to  the  acyl-imidazole  species,  which  helped  to  solubi¬ 
lize  the  serotonin  hydrochloride  and  also  may  have  behaved  as  a 
nucleophilic  catalyst. 
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Ocular  blast  injury  is  a  major  medical  concern  for  soldiers  and  explosion  victims  due  to  poor  visual 
outcomes.  To  define  the  changes  in  gene  expression  following  a  blast  injury  to  the  eye,  we 
examined  retinal  RNA  expression  in  54  mouse  strains  five  days  after  a  single  50psi  overpressure  air 
wave  blast  injury.  We  observe  that  almost  40%  of  genes  are  differentially  expressed  with  a  false 
discovery  rate  of  <0.001,  even  though  the  nominal  changes  in  RNA  expression  are  rather  small. 
Moreover,  we  find  through  machine  learning  approaches  that  genetic  networks  related  to  the 
innate  and  acquired  immune  system  are  activated.  Accompanied  by  lymphocyte  invasion  into  the 
inner  retina,  blast  injury  also  results  in  progressive  loss  of  visual  function  and  retinal  ganglion  cells. 
Collectively,  these  data  demonstrate  how  systems  genetics  can  be  used  to  put  meaning  to  the 
transcriptome  changes  following  ocular  blast  injury  that  eventually  lead  to  blindness. 


Keywords:  Ocular  Blast  Injury,  Transcriptome,  Systems  Genetics,  Axon  Injury,  Ocular  Immune 
System 
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Introduction 


4 


Since  the  introduction  of  improvised  explosive  devices  into  modern  warfare,  the  incidence  rate  of 
ocular  trauma  has  increased  dramatically  from  0.65%  of  all  battle  injuries  to  about  13%.1  Based  on 
severity,  these  can  be  subdivided  into  penetrating  or  open-globe  and  closed-globe  injuries.  While 
open  globe  injuries  usually  require  immediate  medical  attention,  closed-globe  injuries  can  go 
unnoticed.  However,  the  latter  can  also  lead  to  decreased  vision.2  For  example,  boxers,  who 
frequently  sustain  blunt  trauma  to  the  eye,  report  decreasing  visual  function  in  almost  half  of  the 
cases.3  Similarly,  patients  suffering  from  Paintball  ocular  injuries  show  a  visual  acuity  less  than 
20/200  in  almost  60%  of  all  reported  cases.4  The  decline  in  vision  is  gradual  and  might  not  be 
apparent  at  initial  examination.  Recent  experimental  data  suggest  subtle  axonal  damage 
underlying  the  deleterious  short-  and  long-term  effects  of  ocular  blast  trauma  in  rodents.5-7  The 
short-term  (hours  to  days)  effects  include  diminished  pupillary  reflex  to  red  and  blue  light, 
increased  cell  death  pathway  markers  and  reactive  gliosis.  Visual  function  declines  after  a  month 
post-blast,  accompanied  by  gradual  thinning  of  the  nerve  fiber  layer  and  chronic  pattern  ERG 
deficits.5  Exposure  to  one  single  blast  wave  is  sufficient  to  lead  to  decreased  axon  density  and  glial 
scarring  in  the  optic  nerve  observable  as  late  as  10  months  after  injury,  indicating  that  the  late- 
onset  decline  in  visual  function  is  partly  due  to  degeneration  of  optic  nerve  axons  and  retinal 
ganglion  cell  damage.6  These  rodent  data  are  consistent  with  a  report  on  visual  dysfunction  in 
veterans,  which  was  strongly  associated  with  blast  injury  one  year  after  injury.8  Thus,  there  seems 
to  be  a  subacute  phase  during  which  retinal  ganglion  cells  slowly  degenerate,  paving  the  way  for 
gradual  vision  loss.  Despite  these  findings,  no  study  has  systematically  investigated  the 
transcriptional  changes  during  this  sensitive  time. 


The  present  study  was  designed  to  define  the  influence  of  closed-globe  blast  injury  on  the  retinal 
transcriptome.  We  examined  gene  expression  in  52  BXD  recombinant  inbred  (Rl)  mouse  strains  and 
their  parental  strains  C57BL/6J  and  DBA/2J  five  days  after  exposure  to  a  single  50psi  blast  wave 
directed  to  the  eye.  Microarray  analysis  was  carried  out  at  both  gene  and  exon  level,  while  the  use 
of  Rl  strains  allowed  for  the  discovery  of  gene  regulatory  networks  by  linking  DNA  sequence 
variants  to  corresponding  differences  in  gene  expression.  The  result  is  a  system-wide  map  of  gene 
interactions  that  take  place  5  days  after  blast  injury.  Comparing  this  data  to  a  naive  control  group 
reveals  several  co-expression  modules,  among  which  we  find  an  unexpected  crosstalk  of  innate 
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and  acquired  immune  systems.  Even  though  the  nominal  changes  in  mRNA  expression  are  subtle, 
the  mutual  correlation  of  immune  system-related  genes  increases,  in  some  cases  drastically, 
suggesting  activation  of  genetic  networks. 


Materials  and  Methods 
Animals:  Strains,  Sex  and  Age 

The  DoD  Retina  Blast  (Marl6)  dataset  contains  the  data  of  213  Affymetrix®  Mouse  Gene  2.0  ST 
microarrays.  With  a  total  of  52  BXD  strains  and  2  parental  strains  (C57BL/6J  and  DBA/2J),  this 
dataset  is  genotypically  identical  to  our  previously  published  DoD  Normal  Retina  (Mayl5)  dataset 
and  allows  for  strain-to-strain  comparison.  Almost  all  strains  are  represented  by  4  independent 
biological  samples  usually  comprising  retinas  from  2  male  and  2  female  mice  between  66  and  114 
days  of  age  with  a  median  of  76  days  (Supplementary  Figure  2).  Animals  were  maintained  on  a  12h 
light  -  12h  dark  cycle  in  a  parasite-free  facility  with  food  and  water  ad  libitum.  All  procedures 
involving  animals  were  approved  by  the  Animal  Care  and  Use  Committee  of  Emory  University, 
Animal  Use  and  Care  Review  Office  (ACURO)  of  the  USAMRMC,  and  were  in  accordance  with  the 
ARVO  Statement  for  the  Use  of  Animals  in  Ophthalmic  and  Vision  Research. 


Ocular  Blast  Injury  Procedure 

Ocular  blast  injury  was  performed  using  a  previously  described  model.6  Briefly,  animals  were 
deeply  anesthetized  with  67  mg/kg  Tribromoethanol  and  secured  with  tape  on  a  semi-open  plastic 
tube  sleigh.  The  head  was  safely  positioned  between  Styrofoam  nuggets  to  minimize  blast 
exposure  to  the  brain.  The  sleigh  was  then  inserted  into  a  hollow  plastic  cylinder  with  the  right  eye 
of  the  mouse  directly  facing  a  7mm  wide  hole  which  was  then  placed  in  front  of  a  custom  short 
airgun  barrel.  Before  every  blast  procedure,  the  output  pressure  was  checked  at  the  position  of  the 
eye  with  a  pressure  sensor  (Honeywell,  Morris  Plains,  NJ)  and  re-calibrated,  if  necessary,  to  an 
output  of  49±1  psi  (Supplementary  Figure  2).  The  pressure  sensor  was  fixed  in  place  and  placed 
flush  against  the  tube  opening.  Because  the  thickness  of  the  outer  and  inner  tube  (~6mm),  it  was 
not  possible  to  position  the  eye  closer  towards  the  tip  of  the  barrel  than  6  mm  as  this  would  have 
resulted  in  inappropriate  pressure  on  the  eye  due  to  squeezing  it  out  of  its  orbit.  Thus,  there  was 
an  approx.  6mm  difference  in  distance  of  the  pressure  transducer  and  the  eye  to  the  gun  barrel  tip. 


Journal  of  Neurotrauma 


Page  6  of  42 


H  = 


Oh 

c3 

a 


6 

Following  a  single  blast,  eyes  were  carefully  investigated  for  signs  of  macroscopic  damage.  Eyes 
were  lubricated  with  GenTeaf  and  mice  were  allowed  to  wake  up  on  a  heating  pad.  There  was  an 
overall  mortality  rate  of  5%  associated  with  the  blast  procedure.  Of  the  240  mice  in  the  blast 
experiment,  10  died  under  anesthesia  or  during  recovery.  After  recovery  from  anesthesia,  2  mice 
died  the  following  day. 


Functional  Assessment  and  Thyl- CFP  Flat  Mounts 

Thyl-CPP  mice  (n=4-7  per  group)  bred  on  a  C57BL/6  background  were  subjected  to  blast  and  their 
eyes  were  fixed  in  Z-FIX  (Anatech  LTD,  Battlecreek,  Ml),  and  washed  3  times  in  PBS.  Retinas  were 
dissected,  mounted  on  slides  with  rails  in  Vectashield  Hardset  (Vector  Laboratories,  Burlingame, 
CA),  and  coverslipped. 


Thyl- CFP  Fluorescence,  RGC  Counting  and  Soma  Size  Assessment 

Total  fluorescence  of  Thyl-CPP  flat  mounts  was  measured  by  quantifying  green  channel  intensity 
using  Photoshop  CS5  without  applying  any  further  image  enhancements  (control  n=3;  blast  n=4). 
RGC  soma  size  was  automatically  measured  in  square  pixels  using  a  custom  script  in  CellProfiler  in 
2  single  frames  (outer  and  inner)  per  retinal  quadrant  each,  resulting  in  ~2000- 

4000  RGCs  identified  per  animal.9  RGCs  were  counted  using  flat  mounted  retinas  from  Thyl- CFP 
mice.  Briefly,  each  flat  mount  was  divided  into  8  regions,  such  that  regions  1  through  4  were  close 
to  the  optic  nerve  head  (ONH)  and  regions  5  through  8  were  towards  the  periphery  of  each  flat 
mount.  Each  region  consisted  of  a  "cutbox"  which  was  636.5pm  x  636.5pm  in  dimension  and  was 
prepared  in  Adobe  Photoshop.  Representative  regions  for  each  flat  mount  were  selected  and  the 
number  of  CFP-positive  RGC  bodies  were  counted  manually  using  the  count  tool  in  Photoshop. 
Data  was  averaged  per  group  (blast,  control)  and  determined  to  be  significant  if  p<0.05  (Welch's  t- 
test). 


Optokinetic  Tracking 

Contrast  sensitivity  and  visual  acuity  thresholds  were  measured  by  optokinetic  tracking 
(OptoMotry:  CerebralMechanics.  Inc.,  Lethbridge,  Alberta).10  Briefly,  the  mouse  was  placed  on  a 
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central  elevated  platform  in  the  optometry  chamber  surrounded  by  4  monitors  projecting  a  virtual 
rotating  cylinder  with  sinusoidal  gratings  of  vertical  light  and  dark  bars.  A  video  camera  mounted 
on  the  top  of  the  chamber  tracked  the  behavior  of  the  mouse,  which  followed  the  moving  gratings 
by  turning  its  head,  allowing  to  determine  spatial  frequency  ("acuity")  and  contrast  thresholds. 
Contrast  sensitivity  function  data  is  expressed  as  the  inverse  of  the  contrast  thresholds. 


Sample  Processing,  RNA  Isolation  and  Microarray  Hybridization 

Five  days  after  the  blast  procedure,  mice  were  given  an  overdose  of  Tribromoethanol  and 
sacrificed  by  rapid  cervical  dislocation.  Retinas  were  then  dissected  from  eyes  and  directly  placed 
into  160U/ml  Ribolock@  (Thermo  Scientific,  Walton,  MA)  in  Hank's  Balanced  Salt  Solution  (Sigma,  St. 
Louis,  MO)  on  ice.  Tissue  was  immediatel  stored  at  -80°C.  RNA  was  isolated  using  a  Qiacube@  and 
the  RNeasy  Mini  Kit  (Qiagen,  Hilden,  Germany)  according  to  the  manufacturer's  instructions.  The 
isolation  included  on-column  DNasel  treatment  to  remove  contaminating  genomic  DNA.  All  tissue 
was  harvested  between  10am  and  noon  to  minimize  circadian  differences  in  gene  expression.  RNA 
integrity  was  assessed  on  a  Bioanalyzer  2100  (Agilent,  Santa  Clara,  CA)  and  RIN  values  for  all 
animals  ranged  from  8.3  to  10  with  a  median  of  9.5  (Supplementary  Figure  2).  Each  retina  was 
hybridized  to  a  separate  GeneChip@  Mouse  Gene  2.0  ST  (Affymetrix,  Santa  Clara,  CA)  according  to 
the  manufacturer's  protocol.  Microarray  hybridization  was  performed  by  two  different  core 
laboratories:  The  Molecular  Resource  Center  of  Excellence  at  the  University  of  Tennessee  (Dr. 
William  Taylor,  Director)  and  the  Emory  Integrated  Genomics  Core  (Dr.  Michael  E.  Zwick,  Director, 
and  Robert  B.  Isett,  Technical  Director).  In  a  separate  experiment,  we  tested  a  set  of  arrays  from 
C57BL/6J  retinas  at  each  facility  to  determine  if  there  were  batch  effects  or  other  confounding 
differences  between  core  laboratories,  but  were  not  able  to  detect  any.  Therefore,  data  from  both 
facilities  were  included  in  the  analysis. 


Quantitative  PCR 

For  validation  of  microarray  expression  data,  genes  were  randomly  chosen  from  4  BXD  strains  in 
both  blast  and  normal  situations.  Exon-specific  primers  were  designed  using  NCBI  PrimerBlast  and 
verified  to  be  specific  to  the  target  by  melting  curve  and  gel  analysis.  Amplification  efficiency  for  all 
primers  was  >90%.  Primer  sequences  are  given  in  Supplementary  Figure  1.  First  strand  synthesis 
was  carried  out  at  42°C.  using  Quantitect  Reverse  Transcription  Kit  (Qiagen)  and  a  mix  of  oligo(d)T 


Journal  of  Neurotrauma 


Page  8  of  42 


o 

o 


til 


s 


to  O  ^ 

cd  6 jqO 
PQfeg 

S  c.8 


s,  <D 

W) 


Si 

03  - 

ua 

O-C  <L> 

[£-§•! 
^  Vh 

c3  a  <d 
c  o> 

333 

P4.9p 

93  i? 
§3  o 

o^a 

<d£  ^ 

^S*T3 

a  Oh  Q 

(D'rd 
M  O  cd 
0.)  O  O 
W)c34h 

2  a  % 
f-t  a  o 

UT3Q 

"3  > 
c  £ 

o  <D 

II 

9  ^ 

22  <D 

a  <d 

c3  Q, 

S-H  ^ 

H  a 

CD 

<D 

X> 

C/2 

03 

43 


H  8 


a 

o3 

a 


H 

cd 


43 

H 


primer  and  random  hexamers.  350pg  of  total  RNA  were  retrotranscribed  after  incubation  in  gDNA 
eraser  for  5  minutes  and  diluted  ten-fold  with  ultra-pure  H20.  Quantitative  PCR  was  carried  out  in 
10pL  reactions  using  QuantiTect  SYBR  Green  Master  Mix  (Qiagen)  according  to  the  manufacturer's 
instructions  on  a  Mastercycler  realplex2  (Eppendorf,  Hamburg,  Germany)  with  annealing 
temperature  set  to  60°C.  Technical  triplicates  were  averaged  and  normalized  against  Ppia,  which 
was  identified  to  be  a  stably  expressed  housekeeping  gene  in  the  retina  with  the  help  of  all  retinal 
databases  found  on  GeneNetwork.  Fold-changes  were  calculated  in  log2  using  the  ddCt  method 
and  compared  to  the  microarray  results  by  linear  regression  models. 


Data  Processing,  Statistical  Analysis  and  WGCNA 

Microarray  data  were  normalized  using  the  Robust  Multiarray  Average  (RMA)  method11. 

Expression  levels  were  log2-transformed,  z-scored  and  multiplied  by  a  factor  of  two  before  a 
constant  of  8  was  added  to  avoid  negative  expression  values  and  make  the  data  comparable  on 
GeneNetwork  (see  GeneNetwork  extended  methods).  Data  from  probes  with  a  mean  expression 
level  lower  than  the  5th  percentile  and  probes  whose  sequence  did  not  have  a  unique  BLAT  hit 
were  filtered  out.  Differential  expression  was  assessed  by  pairwise  comparison  of  expression 
values  across  all  strains12.  P-values  were  adjusted  for  multiple  comparisons  using  the  False 
Discovery  Rate  and  a  stringent  cutoff  of  0.001  was  used  to  decide  on  statistical  significance.  The 
following  parameters  were  chosen  for  weighted  gene  co-expression  network  analysis  (WGCNA):  A 
thresholding  soft  power  of  7,  for  which  both  networks  approached  approximate  scale-free 
topology.  Signed  topological  overlap  matrices  were  created  separately  and  scaled  appropriately  to 
make  them  comparable.  Modules  were  assigned  by  applying  adaptive  branch  pruning  to 
hierarchical  clustering  dendrograms  with  the  deepSplit  parameter  set  to  2,  a  minimum  module  size 
of  100,  and  the  cutHeight  set  at  0.995.  All  analyses  were  performed  in  the  R  3.1.1  statistical 
programming  environment.  The  ggplot2  package  for  the  R  environment  was  used  for  most  plots.13 


Gene  Enrichment  Analyses  and  Network  Graphs 

Gene  Ontology  and  KEGG  pathway  enrichment  were  assessed  by  submitting  Affymetrix  Probe  IDs 
to  WebGestalt.org.14  Reported  p-values  were  adjusted  for  multiple  comparisons  using  Benjamini- 
Hochberg's  FDR.  Network  graphs  were  created  with  Cytoscape  version  3.4. 
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Immunostaining,  Microscopy  and  Lymphocyte  Quantification 

For  staining  retinal  flat  mounts,  C57BL/6J  (n=4-5  per  time  point)  mice  were  deeply  anesthetized 
with  Tribromoethanol  and  perfused  through  the  heart  with  0.9%  saline  followed  by  4% 
paraformaldehyde  in  phosphate  buffer  (pH  7.4).  The  retinas  were  dissected  from  the  globe  and 
washed  three  times  in  phosphate  buffered  saline  with  1%  Triton  X-100  (Sigma)  added.  Tissue  was 
then  blocked  in  5%  BSA  (Sigma)  with  0.5%  Triton  X-100  for  one  hour  at  room  temperature.  The 
retinas  were  then  transferred  into  directly  labeled  primary  antibodies:  CD3  (HM3420,  Life 
Technologies,  1:1000);  CD4  (ab51467,  Abeam,  1:1000);  CD8  (MCD0828TR,  Life  technologies, 
1:1000).  After  overnight  incubation  at  4°C.,  retinas  were  rinsed,  placed  on  glass  slides  and 
coverslipped.  The  whole  mounts  were  examined  with  a  Nikon  Ti  inverted  microscope  with  Cl 
confocal  scanner  (Nikon  Instruments,  Melville,  NY)  at  40X  to  identify  labeled  cells.  Each  retina  was 
systematically  scanned  in  the  X-Y  plain  and  Z-stacks  were  taken  through  the  entire  thickness  of  the 
retina.  After  merging  all  40X  images  together  to  one  picture,  lymphocytes  were  manually  counted 
per  whole  retina. 
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Results 
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Experimental  design  and  quality  of  the  data 

To  define  the  changes  in  gene  expression  occurring  5  days  after  an  over-pressure  blast  to  the  eye 
(Figure  1A),  the  blast  array  dataset  was  compared  to  a  previously  published  dataset  from  naive 
retina.15  The  changes  in  expression  were  relatively  modest  and  ranged  from  -0.8  to  +0. 6-fold  on  a 
log2  scale.  The  magnitude  of  these  changes  is  below  the  arbitrary  two-fold  difference  accepted  by 
many  microarray  studies.  We  made  a  conscious  decision  not  to  analyze  our  results  using  this 
arbitrary  cutoff  for  biological  relevance.  Instead,  we  controlled  for  statistical  outliers  by  setting  a 
100-fold  more  stringent  False  Discovery  Rate  (FDR)  than  is  usual  for  these  kinds  of  micorarray 
studies.16  We  found  that  13,971  genes  were  differentially  expressed  (Fig.  IB  and  Fig.  1C)  with  FDR 
<0.001.  A  subset  of  randomly  chosen  genes  was  used  to  validate  the  microarray  results  by 
quantitative  PCR  (Pearson  r  with  microarray  data  =  0.90,  Supplementary  Figure  1).  We  were  able  to 
detect  these  moderate  changes  due  to  the  size  of  both  datasets  and  the  quality  of  RNA  samples. 
The  blast  injury  dataset  (DoD  Retina  After  Blast  Affy  MoGene  2.0  ST  (Mar  16),  "Blast")  contained 
213  independent  biological  samples  from  52  BXD  strains  plus  the  two  parental  strains.  For  these 
microarrays,  care  was  taken  to  produce  high  quality  RNA.  The  average  RNA  integrity  (RIN)  score 
was  9.5  (±0.03,  SEM)  (Supplementary  Figure  2).  The  normal  retina  dataset  (DoD  Retina  Normal  Affy 
MoGene  2.0  ST  (May  15),  "Normal")  contained  a  total  of  222  microarrays  from  55  strains  and  had 
an  average  RIN  score  of  9.4  (±0.03,  SEM).  An  optimized  RNA  isolation  protocol  combined  with  the 
repeatability  of  tissue  dissection  results  in  consistency  between  each  of  the  biological  samples. 
Tissue  surrounding  the  retina  was  easily  excluded  from  the  sample  including  the  optic  nerve, 
minimizing  between-sample  variation  and  contamination  by  extraneous  tissues.  Thus,  the  large 
number  of  microarrays  in  each  data  set,  the  quality  of  the  RNA  used  to  generate  the  data,  and  the 
consistency  of  tissue  isolation  allow  our  group  to  identify  changes  in  gene  expression  with  a  high 
degree  of  statistical  confidence.  These  changes  may  not  have  been  seen  in  a  smaller-sized 
traditional  microarray  or  RNA-sequencing  studies.  Finally,  both  data  sets  are  hosted  on 
GeneNetwork.17 
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Blast  injury  affects  the  expression  of  distinct  molecular  pathways 

The  initial  approach  to  the  data  was  designed  to  identify  differentially  expressed  genes  and  then 
perform  functional  analysis  using  gene  enrichment  profiling.  Gene  Ontology  (GO)  and  Kyoto 
Encyclopedia  of  Genes  and  Genomes  (KEGG)  analysis  were  used  to  identify  pathways  associated 
with  the  changes  observed  following  blast  injury.18, 19  For  the  down-regulated  transcripts,  we  found 
significant  enrichment  of  genes  related  to  protein  turnover  and  metabolic  function.  The  largest 
number  of  significantly  downregulated  genes  was  associated  with  the  GO  term  "Mitochondrion" 
(Fig.  2A,  left  panel),  while  for  KEGG  pathways,  the  biggest  change  fell  in  the  "metabolic  pathways" 
category  (Fig  2A,  right  panel).  Many  genes  encoding  mitochondrial  ribosomes  (Mrp*)  were  found 
within  this  cluster.  The  second  largest  change  in  GO  enrichment  was  for  the  term  "ATP  binding" 

(see  Supplementary  Files  1  and  2  for  the  full  list).  The  extent  of  the  down-regulation  of  genes 
associated  with  metabolic  activity  reflect  a  clear  depression  of  metabolic  capacity  within  the  retina 
as  a  result  of  blast  injury.  The  remaining  categories  for  down-regulated  genes  were  primarily 
related  to  post-transcriptional  molecular  processes.  For  example,  enrichment  in  GO  terms  such  as 
"Translation"  or  KEGG  pathways  such  as  "Ribosome",  "RN A  transport"  or  "tRNA  biosynthesis" 
collectively  indicate  protein  synthesis  dysregulation.  Thus,  at  5  days  after  blast  injury,  there  is  an 
overall  decrease  in  genes  regulating  metabolic  processes  and  genes  associated  with  the  production 
of  finished  protein  products. 

When  we  examined  the  genes  that  were  up-regulated  following  blast  injury,  a  very 
different  picture  emerged.  Most  importantly  and  in  contrast  to  down-regulated  genes,  GO  analysis 
was  enriched  in  genes  related  to  pre-transcriptional  processes,  such  as  transcriptional  regulation 
(Fig.  2B,  left  panel).  Additionally,  up-regulated  genes  were  specific  for  diverse  KEGG  pathways,  a 
good  half  of  which  were  related  to  immune  system  processes  (Fig.  2B,  right  panel).  For  example, 
the  pathway  "Cytokine-cytokine  interaction"  contained  many  cytokines  from  the  CC  and  CXL 
subfamily  as  well  as  the  TGF-beta  family.  Additionally,  Interferons  alpha,  beta,  epsilon  and  gamma 
were  found  up-regulated  within  this  category.  These  data  point  to  a  difference  in  transcriptional 
regulation  as  well  as  an  increase  in  expression  of  immune  response  genes  following  blast  injury, 
suggesting  activation  of  the  immune  system  similar  to  what  our  group  had  previously  described 
following  optic  nerve  crush.20 
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Network  analysis  of  expression  changes  after  blast  injury 

Gene  enrichment  profiling  of  significantly  differentially  expressed  genes  detected  changes  in 
several  metabolic  processes  and  revealed  a  role  for  the  immune  system  following  blast  injury. 

While  it  is  known  that  isolated  traumatic  brain  injury  in  rodents  and  humans  results  in  activation  of 
an  inflammatory  cascade  we  wondered  if  these  transcriptional  changes  would  be  recapitulated  in 
the  mouse  retina  as  well.21  Because  simply  looking  at  gene  expression  changes  between  two 
conditions  does  not  reveal  any  information  about  the  inherently  dynamic  nature  of  gene  networks, 
we  expanded  our  analysis  by  using  unbiased  machine  learning  algorithms  that  compared  gene  co¬ 
expression  patterns  across  the  BXD  strain  set. 

First,  we  performed  hierarchical  clustering  of  expression  data  using  weighted  gene  co¬ 
expression  network  analysis,  which  partitioned  our  data  into  25  modules.  These  modules  can  be 
thought  of  as  functionally  different  compartments  of  the  retinal  transcriptome,  forming  groups  of 
highly  interconnected  transcripts  that  may  shape  a  pathway. 22,23  In  general,  there  was  very  good 
preservation  of  modules  between  conditions  (aggregate  eigengene  correlation  =  0.86,  see  also 
Supplementary  Figure  3),  suggesting  that  the  general  gene  network  architecture  in  the  retina  is 
well  conserved  after  blast  injury  and  the  changes  seen  are  due  to  dysregulation  of  a  small  number 
of  genes  only.  Genes  in  each  module  were  collected  and  subjected  to  GO  profiling  in  order  to 
reveal  the  module's  closest  functional  annotation.  Among  the  modules  with  the  largest  drop  in 
preservation  (or  the  biggest  changes  between  conditions)  were  three  modules  whose  top  GO 
terms  were  significantly  enriched  in  immune  system  and  metabolic  processes,  mirroring  the  gene 
enrichment  profiling  results  (the  black,  blue  and  dark  green  module,  Supplemental  Figure  3D).  We 
then  performed  GO  analysis  separately  for  up-  and  down-regulated  genes  in  these  three  modules. 
This  revealed  a  strong  overrepresentation  for  the  terms  "T-cell  activation"  (adj.  p  =  0.003), 
"Cytokine  signaling"  (adj.  p  =  0.02)  and  "regulation  of  gene  expression"  (adj.  p<le-8)  for  up- 
regulated  genes,  while  down-regulated  ones  were  enriched  for  "primary  metabolic  process"  (adj.  p 
<le-4)  and  "cellular  protein  metabolic  process"  (adj.  p  =  0.004). 

Another  way  to  examine  gene  network  differences  between  conditions  would  be  to  look  at 
changes  of  gene  connectivity.  This  measure  assigns  an  arbitrary  number  to  a  gene  that  represents 
how  well  its  expression  correlates  to  other  genes.24  Changes  in  connectivity  mirror  the  dynamic 
nature  of  gene  regulatory  networks;  an  increase  can  be  thought  of  as  activation  of  a  gene  network 
and  vice  versa.25  We  performed  gene  ontology  analysis  for  the  top  percentile  of  genes  with 
changes  in  connectivity.  GO  trees  were  very  detailed,  with  genes  having  the  highest  increase  in 
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connectivity  enriched  in  the  terms  "cell  adhesion"  (adj.  p=0.025),  "macrophage  apoptotic  process" 
(adj.  p  =  0.019),  "extracellular  region"  (adj.  p  =  0.014),  "regulation  of  immunoglobulin-mediated 
immune  response"  (adj.  p  <  0.001),  as  well  as  "isotype  switching  to  IgG  subtypes"  (adj.  p  <  0.001). 
On  the  other  hand,  genes  whose  connectivity  dropped  were  associated  with  the  GO  terms 
"axonogenesis",  "synaptic  transmission",  "dendrite"  (all  adj.  p  <le-8),  "synapse"  (adj.  p  <  le-12), 
"protein  kinase  activity",  and  "ATP  binding"  (both  adj.  p  <  0.001),  indicating  that  normal 
transcriptional  regulation  of  these  molecular  processes  or  entities  was  impaired  after  blast  injury. 

In  summary,  these  results  suggest  three  dominating  biologically  relevant  processes  as  a  result  of 
ocular  blast  injury:  Loss  of  synaptic  transmission,  impaired  cell  metabolism  as  well  as  activation  of 
the  immune  system. 


Activation  of  innate  and  acquired  immune  system 

Our  analysis  of  the  effects  of  blast  injury  on  gene  expression  defined  a  series  of  differentially 
expressed  genes  and  many  of  these  genes  clustered  into  GO  categories  and  KEGG  pathways 
associated  with  the  innate  immune  system.  Earlier  work  from  our  group  has  revealed  an  activation 
of  the  innate  immune  network  following  optic  nerve  crush  (ONC).20  Since  ONC  is  a  well-studied 
model  of  retinal  ganglion  cell  damage,  we  wondered  whether  or  not  we  would  find  activation  of 
immune  system-related  gene  networks  in  the  blast  data  as  well.  When  we  examined  the  blast 
injury  dataset,  we  saw  higher  expression  levels  for  many  of  the  same  genes  (Table  I).  Even  though 
some  of  these  genes  did  not  reach  significance  regarding  their  differential  expression,  there  was  a 
dramatic  increase  in  mutual  correlations  to  genes  involved  in  innate  immunity  processes  (Fig.  3A). 
This  suggested  that  the  system  is  indeed  activated.  When  we  expanded  this  analysis  for  the  top 
200  correlates  of  C4b  (a  gene  essential  for  the  propagation  of  the  classic  complement  cascade),  we 
observed  a  strikingly  strong  mutual  correlation  in  the  blast  but  not  in  the  normal  condition  (Fig. 
3B).  Gene  Ontology  terms  for  these  top  200  correlates  of  C4b  revealed  highly  significant 
involvement  in  multiple  immune  system-related  biological  processes  and  pathways  (Fig.  3C), 
confirming  the  involvement  of  the  innate  immune  system. 

This  acute  activation  also  coincided  with  an  increase  in  markers  of  the  acquired  immune 
system.  There  was  a  significant  (adj.  p  <  0.001)  increase  in  the  gene  expression  levels  of  Cd3  and 
Cd8  (known  markers  of  T-lymphocytes)  in  our  microarray  datasets.  Others  have  shown  infiltration 
of  T-cells  into  the  CNS  and  retina  under  pathological  conditions.26'27  To  determine  if  this  was  also 
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the  case  after  blast,  we  examined  the  retina  at  7,  14  and  28  days  following  blast  injury.  At  7  days, 
CD3-positive  cells  were  observed  invading  the  retina  and  most  of  these  cells  were  found  in  the 
inner  nuclear  layer,  in  close  proximity  to  the  intraretinal  vessels  (Fig.  4A)  and  this  increase  was 
significant  (p<0.0001).  At  14  days,  there  was  an  increase  in  the  number  of  CD3/CD4  double-positive 
lymphocytes  (T-helper  cells).  By  28  days  after  blast,  many  CD3-positive  cells  remained  within  the 
retina  and  in  addition  to  the  presence  of  CD3/CD4-positive  T-helper  cells,  a  few  CD3/CD8  cytotoxic 
T-cells  were  observed  (Fig.  4B).  Our  results  are  consistent  with  other  research  investigating 
lymphocyte  invasion  into  the  retina.  For  example,  it  was  shown  in  a  model  of  autoimmune  uveitis 
that  CD4+  T-cells  predominate  during  the  early  phase,  while  CD8+  T-cells  accumulate  in  later 
stages.28  The  identification  of  T-cells  in  the  injured  retina  supports  the  view  that  cellular  immune 
mechanisms  could  be  responsible  for  the  tissue  damage  caused  by  blast  injury. 

One  potential  link  between  the  activation  of  the  innate  immune  system  and  the  infiltration 
of  lymphocytes  could  be  through  a  series  of  soluble  factors  such  as  pro-inflammatory  cytokines 
Cxcr3,  Ccl4  and  IFN-gamma,  all  of  which  are  expressed  in  the  injured  retina.29-31  These  cytokines 
and  chemokines,  which  are  released  after  injury  by  glial  or  endothelial  cells,  may  play  crucial  roles 
in  the  recruitment  of  T-lymphocytes  to  the  injured  retina.  Even  though  of  these  three  cytokines 
only  IFN-gamma  was  significantly  upregulated  after  blast  (adj.  p=2.5  e-06),  this  hypothesis  is  at 
least  partially  supported  by  increased  correlations  of  all  three  cytokines  to  Cd3  in  our  blast 
database  (Fig  4C). 


Ocular  blast  injury  leads  to  progressive  vision  loss  associated  with  loss  of  retinal  ganglion  cells 

The  transcriptional  changes  observed  at  5  days  following  a  blast  injury  represent  a  small  series  of 
molecular  cascades  that  may  result  in  progressive  loss  of  visual  function  and  the  death  of  retinal 
ganglion  cells  (RGCs).  Because  the  functional  changes  that  eventually  lead  to  blindness  may  not  be 
apparent  as  early  as  5  days  after  blast,  we  assayed  RGC  features  and  function  at  different  time 
points. 

Many  genes  can  serve  as  proxy  for  the  identification  of  RGCs32,  and  when  we  investigated 
our  data  for  changes  in  these  markers,  we  surprisingly  observed  higher  expression  of  many  of 
these  after  blast  ( Thyl ,  Tubb3,  Pou4f2 ,  Pou4fl,  Rbpms,  bold  ones  are  significant  at  p<0.001).  For 
example,  the  generic  RGC  marker  Thyl  showed  a  0.2-fold  log2  change  (adj.  p  =  2.16e-6).  We 
confirmed  this  upregulation  by  measuring  the  total  fluorescence  of  flat-mounted  retinas  from 
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Tftyl-CFP  transgenic  animals  at  1  week  (Fig.  5A).  At  the  same  time  point,  we  also  observed  a 
significant  increase  in  RGC  soma  size  (Fig.  5B).  Both  total  fluorescence  and  RGC  soma  size  were 
significantly  decreased  at  6  weeks  after  blast.  Functional  measures  at  6  weeks  were  also 
diminished  in  the  same  mice,  as  evidenced  by  a  moderate  drop  in  visual  acuity  and  a  dramatic  drop 
in  contrast  sensitivity  (Fig.  5C).  Along  with  that,  we  observed  a  ~16%  loss  of  Tftyl-CFP-positive 
RGCs,  ultimately  identifying  the  culprit  of  ongoing  vision  loss  (Fig.  5D).  Taken  together,  these  data 
demonstrate  the  devastating  effects  of  what  appears  to  be  a  relatively  modest  injury.  They  also 
reinforce  the  importance  for  early  treatment,  as  the  transcriptional  events  that  are  observable  as 
early  as  5  days  after  blast  eventually  lead  to  blindness. 
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Discussion 


16 


This  study  comprehensively  characterized  the  in  vivo  effects  of  blast  injury  to  the  mouse  retina  and 
offers  the  first  report  on  the  systems  genetics  of  ocular  blast  injury.  A  few  other  studies  have 
previously  investigated  the  molecular  effects  of  ocular  blast  injury,  and  we  note  that  the  pressures 
used  to  inflict  injury  differ  between  models.  While  one  study  reported  globe  rupture  at  pressures 
of  40psi  and  more,  this  was  not  the  case  in  our  model.6  In  preliminary  experiments  using  our  gun, 
we  did  not  see  globe  ruptures  until  pressures  more  than  70psi  were  reached.  One  possible 
explanation  for  this  difference  could  be  variation  in  build  of  the  models  or  placement  of  the 
pressure  transducer  (see  Methods).  It  is  likely  that  the  effective  pressure  reaching  the  back  of  the 
eye  is  closer  to  the  range  previously  reported  (<30psi),  as  there  was  an  approximate  6mm  distance 
between  the  tip  of  the  barrel  and  the  eye.  Nevertheless,  calibration  to  50psi  at  the  tip  of  the  barrel 
was  necessary  to  avoid  technical  variance  in  the  blast  apparatus.  This  pressure  is  comparable  to 
the  amount  of  pressure  sustained  at  the  epicenter  of  a  grenade  explosion,  making  this  model 
roughly  equivalent  to  being  a  few  steps  away  from  a  grenade  or  bomb  explosion  (as  pressure 
decreases  with  the  cube  of  distance).33  Here,  we  presented  evidence  that  a  single  50psi  ocular 
blast  as  measured  at  the  tip  of  the  airgun  barrel  was  sufficient  to  lead  to  declining  visual  function. 
This  progression  was  accompanied  by  a  steady  increase  in  the  number  of  lymphocytes  migrating 
into  the  retina  (Figure  6). 

While  it  is  currently  unknown  whether  this  confers  a  regenerative  or  destructive  effect,  in  many 
ways  the  pathology  of  ocular  blast  injury  appears  to  be  closely  related  to  traumatic  brain  injury 
(TBI).  It  is  believed  that  in  TBI,  early-phase  leukocyte-mediated  breakdown  of  the  blood-brain- 
barrier  eventually  leads  to  vascular  and  synapse  remodeling.34  The  ensuing  neurodegeneration 
manifests  itself  as  depression  or  anxiety  in  TBI  or,  in  the  case  of  ocular  blast,  as  blindness.  In  mice, 
the  negative  neurological  outcomes  seen  in  TBI  can  be  mitigated  through  inhibition  of  lymphocyte- 
mediated  signaling,  while  the  decline  in  visual  function  after  ocular  blast  injury  can  be  reduced 
through  immediate-early  administration  of  NSAIDs  like  Meloxicam  (P.  Michael  luvone,  unpublished 
data).35,36  Since  this  inflammatory  response  seems  to  occur  in  an  acute  and  chronic  phase  over  an 
extended  period  of  time,  treatment  strategies  have  a  wide  therapeutic  window.  Early 
immunomodulatory  treatments  in  the  acute  or  subacute  phase  could  have  dramatic  effects  on  the 
chronic  response.  Thus,  it  is  appropriate  to  investigate  the  transcriptional  changes  at  the  transition 
from  an  acute  to  a  chronic  state,  as  the  invasion  of  lymphocytes  into  the  retina  likely  marks  an 
irreversibly  damaging  process. 
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Towards  that  end,  we  monitored  the  retinal  transcriptome  5  days  after  blast  injury,  and 
found  that  a  vast  number  of  genes  was  differentially  expressed  at  that  time  despite  none  of  the 
changes  exceeding  two-fold.  A  potential  reason  for  this  is  the  fact  that  we  analyzed  whole  retina, 
which  contains  >7  cell  types,  but  our  and  others'  results  indicate  that  the  pathological  changes 
mostly  occur  in  fewer  cell  types  (RGCs  and  glial  cells),  which  together  make  up  less  than  1%  of  cells 
in  the  retina.37  As  such,  most  of  the  RNA  that  microarrays  were  normalized  to  is  contributed  by  the 
likely  unaffected  photoreceptors,  the  most  abundant  cell  type  in  the  retina.  Thus,  even  though  it 
could  be  very  possible  that  larger  fold-changes  exist  in  the  affected  cell  populations,  they  are  not 
seen  in  the  whole  retina  data.  Instead  of  focusing  on  a  biologically  relevant  cutoff,  we  therefore 
strongly  controlled  for  statistical  outliers  by  setting  a  stringent  FDR.  Our  results  indicate  that 
transcriptional  changes  originating  from  extracellular  signaling  pathways  are  dominating  the  ocular 
environment  five  days  after  blast,  which  comes  at  the  expense  of  the  cells'  metabolic  function, 

RNA  processing  and  protein  production.  It  is  not  surprising  that  the  largest  number  of 
downregulated  genes  after  blast  injury  was  associated  with  mitochondria,  as  dysregulated 
mitochondrial  metabolism  has  long  been  known  to  play  a  significant  role  in  TBI.38  While  actual 
uncoupling  of  ATP  synthesis  from  the  respiratory  chain  would  result  in  mitochondrial  stress  and 
acute  cell  death,  other  more  low-grade  mechanisms  of  mitochondrial  dysfunction  must  be 
responsible  for  the  slow  neurodegeneration  that  manifests  itself  after  blast  injury  in  the  retina.  It 
has  very  recently  been  shown  that  mitochondrial  fission  is  strongly  increased  in  TBI,  and  that  the 
negative  effects  on  learning  and  memory  could  be  rescued  through  the  administration  of  a  fission 
inhibitor.39  It  would  be  interesting  to  investigate  if  similar  improvements  of  metabolic  function 
could  be  achieved  in  ocular  blast  injury. 

Other  changes  in  gene  expression  we  observed  between  blasted  and  normal  mice  were 
seemingly  related  to  the  balance  between  transcription  and  translation.  Along  with  a  decrease  in 
genes  responsible  for  ribosomal  or  endoplasmic  reticulum  function,  we  found  increased  expression 
of  many  transcription  factors  and  cofactors.  This  mirrors  the  dynamic  nature  of  gene  regulatory 
networks.  Changes  in  RNA  expression  measured  in  total  tissue  are  either  due  to  one  specific  cell 
type  adapting  its  transcriptional  program  to  a  stimulus,  or  additional  new  cells  that  became  part  of 
the  whole  cell  population.  While  it  is  likely  that  a  small  fraction  of  the  changes  seen  is  the  result  of 
lymphocyte  invasion,  a  large  part  of  the  differentially  expressed  RNA  will  be  contributed  from 
retinal  cells  synthesizing  regulatory  molecules  that  prepare  the  cell  for  the  changes  to  come. 

Because  ocular  blast  injury  was  previously  associated  with  thinning  of  the  retinal  nerve 
fiber  layer  we  investigated  RGC  function  as  well  as  expression  changes  in  RGC  marker  genes.7 
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Interestingly,  we  saw  statistically  significant  increased  expression  in  genes  such  as  Thyl,  which  also 
corresponded  to  an  increase  in  RGC  soma  size  and  Thyl-CFP  fluorescence.  This  could  be  related  to 
a  process  termed  neuronal  chromatolysis,  a  cellular  response  after  axonal  damage  resulting  in  the 
dissolution  of  Nissl  bodies  and  redistribution  of  cytoskeletal  proteins  with  an  apparent  increase  in 
soma  size.40  As  chromatolytic  neurons  are  thought  to  still  possess  the  ability  to  regenerate,  it  is 
interesting  to  speculate  whether  or  not  treatment  at  this  time  would  stall  neuronal  apoptosis.  We 
and  others  have  observed  that  the  decline  in  retinal  ganglion  cell  number  or  nerve  fiber  layer 
thickness  is  gradual,  suggesting  a  slow  but  constant  underlying  molecular  process.  It  appears  that 
this  process  is  related  to  immune  signaling,  as  our  enrichment  analysis  identified  the  strongest 
positive  change  in  expression  in  genes  related  to  the  immune  system.  Even  when  the  changes  in 
mRNA  levels  were  not  significant,  increased  correlation  and  connectivity  of  co-expressed  genes 
was  seen  especially  for  immunity-related  genes.  This  illustrates  activation  of  genetic  networks, 
which  we  have  previously  found  to  be  the  case  in  the  same  mouse  population  after  optic  nerve 
crush.20  In  ONC,  a  fixed  amount  of  pressure  is  applied  to  the  optic  nerve  without  interrupting  the 
blood  flow  to  the  retina,  which  leads  to  gradual  decline  in  retinal  ganglion  cell  number.41 
Therefore,  both  ONC  and  blast  injury  are  models  for  RGC  death,  in  which  the  immune  signaling 
cascade  appears  to  play  a  significant  role.  The  exact  molecular  cascades  leading  to  this  have  yet  to 
be  determined,  but  it  is  likely  that  cytokine  signaling  plays  a  significant  role.  Other  studies  suggest 
that  expression  of  cytokines  in  the  retina  is  mediated  by  glial  cells  and  that  an  increase  in  cytokine 
signaling  results  in  activation  of  retinal  microglia,  astrocytes  and  Muller  glia  on  site.42,43  In  our 
analysis,  we  saw  that  C4b  formed  a  genetic  network  after  blast  injury  that  was  significantly 
enriched  in  the  cellular  GO  terms  "Macrophages"  and  "Microglia".  The  parent  protein  of  C4b  is 
complement  factor  C4.  It  is  now  known  for  about  20  years  that  microglia  and  astrocytes  in  mouse 
brains  can  synthesize  complement  factors44  and  it  was  also  shown  that  complement  genes  are 
expressed  in  the  retina.45  While  the  exact  origin  of  complement  factor  secretion  in  the  retina 
remains  unknown,  our  and  others'  results  indicate  a  role  for  microglia  in  this  process.  It  is 
interesting  to  note  that  C4b  correlates  were  also  enriched  for  the  terms  "Epithelium", 

"Extracellular  Matrix"  and  "Integrin  Binding".  This  could  suggest  that  one  of  the  of  the  mechanisms 
that  permit  lymphocyte  invasion  through  the  otherwise  tight  blood-retina  barrier  after  blast  is 
mediated  through  breakdown  of  the  blood-retina  barrier  by  molecules  secreted  from  microglia 
activated  by  complement  factors.  Similar  processes  have  been  observed  in  TBI  as  well.46'47 

Ultimately,  the  DBA/2J  mouse  is  known  for  having  several  immune  system-related  defects 
compared  to  the  C57BL/6J  mouse.48'49  Among  these  is  a  condition  that  abrogates  ocular  immune 
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privilege  associated  with  the  anterior  chamber,  called  a  dysfunctional  anterior  chamber  associated 
immune  deviation  (ACAID). 50  This  syndrome  was  recently  found  to  be  at  least  in  part  due  to  a 
dysfunctional  Natural  Killer  Cell  system  resulting  from  Cd94  deficiency  in  DBA/2J  mice.51  We 
examined  our  databases  for  correlations  between  the  presence  (B6  genotype)  or  absence  (D2 
genotype)  of  ACAID  and  inflammatory  markers,  but  no  significant  correlation  was  found  (data  not 
shown).  While  another  study  has  detected  greater  influx  of  immune  components  into  the  anterior 
part  of  the  eye  in  DBA/2J  mice  after  blast  injury,  our  data  suggest  no  such  connection  for  retina.43 
This  indicates  that  lymphocyte  infiltration  into  the  retina  is  independent  of  a  functional  or 
dysfunctional  ACAID. 


In  conclusion,  our  data  reveal  the  genetic  networks  of  ocular  blast  injury  for  the  first  time.  Using  a 
systems  genetics  approach,  we  show  that  the  dysregulated  transcriptional  environment  is 
reminiscent  of  the  pathophysiology  of  TBI,  with  loss  of  metabolic  function  and  activation  of 
inflammatory  cascades  that  eventually  lead  to  decreases  in  visual  function.  Having  used  BXD 
strains  for  this  study  will  potentially  allow  to  identify  upstream  modulators  of  this  immune  cascade 
as  future  work.  To  our  knowledge,  this  is  by  far  the  largest  microarray  study  on  ocular  blast  injury, 
and  it  is  our  hope  that  the  publically  available  data  will  be  useful  for  fellow  researchers  who  are 
interested  in  specific  genes  or  pathways  involved  in  the  pathogenesis  of  blast  injury. 
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Figure  1:  (A)  Experimental  Design.  Mice  were  subjected  to  a  single  ocular  50psi  blast  wave  in  the 
apparatus  depicted  on  the  right.  RNA  was  isolated  5  days  after  injury  and  hybridized  to  the 
Affymetrix  GeneChip°  Mouse  Gene  ST  2.0  microarray.  (B)  Correlation  of  microarray  probes 
between  the  blast  and  the  normal  data  set.  In  this  scatterplot,  each  dot  represents  one  unique 
microarray  probe.  The  total  correlation  (Pearson's  r)  is  0.999.  (C)  Volcano  plot  showing  fold-change 
after  blast  and  its  associated  logarithmic  p-value  after  adjustment  for  multiple  comparisons  using 


<D  <L> 

.fi  >  ' 

O^h  g 


O 

O 

gp<  W)Oh 

S^-2« 

ti  ^ 

5  b^-2 
S  2  b-1 

p3'r^Q-i<D 

J  ®  0.5 

^  to  o  S 

^  cd  W)0 

-gCOfeS 

e^l* 

Ilia 

Cd 

UA  0^ 

O-C  <L> 


I  2  s 

3  <  .-£ 


O  ^  M 

-3  S  J> 


ur"  b 

g  Dh  o 
(D'Td 
o  C3 

1)  o  o 

W)c3^h 
^Ti  F3 


Page  30  of  42 

30 

an  FDR  of  0.001.  Each  dot  represents  one  microarray  probe.  Red:  Down-regulated  probes.  Blue: 
Up-regulated  probes.  Grey:  No  significant  change  at  FDR<0.001. 
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Figure  2 


Downregulated  genes 


Mitochondrion 
ATP  binding 
Translation 
RNA  processing 


Number  of  genes  (p-value) 

4.58e-24 


200  400 


Gene  Ontology 


Peroxisome:  29 


Aminoacyl-tRNA 
biosynthesis:  18 

Protein 
processing  in 
endoplasmic 
reticulum:  53 

Protein  export:  14 

Ubiquitin  mediated 
proteolysis:  43 


RNA  transport:  55 


RNA  degradation: 


mRNA  surveillance  pathway:  31 

KEGG 


B 


Upregulated  genes 


Regulation  of  DNA- 
dependent  transcription 

Transcription  regulatory 
region  DNA  binding 

Transcription  cofactor 
activity 

Clathrin-coated  vesicle 


Number  of  genes  (p-value) 

I  2.92e-09 

I  3e-04 


200  400 


Gene  Ontology 


Colorectal  cancer: 
Amoebiasis:  42 


T-cell  receptor 
signaling  pathway:  41 


Cytokine-cytokine 
receptor 
interaction:  81 


W  Toll-like  receptor 
W  signaling 
f  pathway:  37 


KEGG 


Figure  2:  (A)  The  left-hand  plot  shows  the  number  and  associated  adjusted  p-value  of  significantly 
downregulated  genes  and  their  top  4  Gene  Ontology  (GO)  terms.  The  right-hand  pie  chart  indicates 
significant  Kyoto  Encyclopedia  of  Genes  and  Genomes  (KEGG)  pathway  enrichment  for  the  same 
genes.  (B)  Identical  to  (A),  but  for  significantly  upregulated  genes  after  blast  injury. 
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Figure  3 
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Figure  3:  (A)  Network  graph  displaying  Pearson's  r  for  select  innate  immunity  genes  in  the  normal 
(left)  and  blast  injury  (right)  situation.  While  there  is  little  correlation  in  the  normal  condition,  the 
innate  immunity  network  is  activated  after  blast.  (B)  Correlation  matrices  showing  mutual 
Pearson's  r  for  the  top  200  correlates  of  the  gene  C4b.  Each  dot  represents  one  gene.  Hierarchical 
clustering  was  applied  to  the  blast  matrix  and  genes  did  not  change  position  between  conditions. 
There  is  a  strong  increase  in  the  mutual  correlations  indicating  activation  of  a  genetic  network 
centered  around  C4b  in  the  blast  condition.  (C)  Top  5  Gene  Ontology  (GO)  terms  for  the  C4b 
correlates  shown  in  (B).  The  adjusted  p-value  is  indicated  on  the  x-axis.  GO  enrichment 
demonstrates  a  strong  relationship  of  C4b  correlates  to  the  immune  system.  GMP  =  Guanosine 
monophosphate  synthetase,  ECM  =  extracellular  matrix,  OSM  =  Oncostatin  M,  IL  =  Interleukin 
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Figure  4:  (A)  Micrographs  of  lymphocytes  invading  the  retina.  CD3  positivity  identifies  these  cells  as 
T-lymphocytes.  Co-staining  of  CD3  and  CD4  indicates  Helper  T-cells,  and  combined  CD3/CD8 
positivity  identifies  cytotoxic  T-cells.  Scale  bar  =  10pm.  (B)  Time  course  of  lymphocyte  counts  in 
flat-mounted  retinas.  No  lymphocytes  were  found  in  the  control  situation.  There  is  an  initial 
increase  of  CD3+  lymphocytes  at  7  days  after  blast.  As  CD3+  cells  decrease,  the  number  of  CD4+ 
and  CD8+  cells  increases  over  the  course  of  a  month.  The  grey  shaded  area  denotes  the  95% 
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confidence  interval  per  group.  (C)  Correlations  of  Cd3  to  the  cytokine-related  genes  Cxcr3 
(chemokine  receptor  3),  Cc/4  (chemokine  ligand  4)  and  Ifng  (Interferon  gamma).  A  drastic  increase 
in  ranked  correlation  and  Pearson's  correlation  coefficient  after  blast  can  be  seen. 
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Figure  5 
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Figure  5:  (A)  Measurements  of  Thyl-CPP  fluorescence  in  retinal  flat  mounts  at  1  and  6  weeks  after 
blast.  The  micrographs  on  the  right  are  representative  of  the  hyper-fluorescence  seen  1  week  after 
blast.  Arrows  indicate  Thyl-CPP  positive  cells  with  very  large  somata.  Scale  bar  =  100pm.  Control  vs 
Blast  at  1  week,  p<0.001,  n=3  per  condition.  (B)  Automated  RGC  soma  size  measurements  at  1  and 
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6  weeks  after  blast.  Soma  size  is  significantly  larger  at  1  week  after  blast  but  significantly  smaller  at 
6  weeks  after  blast.  (C)  Visual  acuity  and  contrast  sensitivity  6  weeks  after  blast.  Both  measures 
drop  significantly  after  compared  to  a  control  situation.  (D)  RGC  counts  in  retinal  77?yl-CFP  flat 
mounts.  There  is  a  significant  drop  6  weeks  after  mice  have  been  subjected  to  blast  injury. 
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Figure  6:  Diagram  summarizing  the  main  findings  of  this  study.  Over  the  course  of  days  and  weeks, 
the  moderate  transcriptional  changes  seen  in  the  retina  lead  to  activation  of  the  innate  and  the 
acquired  immune  networks,  which  in  turn  results  in  chronic  neurodegeneration  and  visual 
impairment  months  after  injury. 


Table  1:  Genes  associated  with  the  innate  immune  system.  There  is  a  slight  increase  of  RNA 
expression  and  strong  increase  in  correlation.  Correlation  values  and  their  associated  p-value  are  in 
relation  to  C4b. 
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Supplementary  Figure  1:  Validation  of  microarray  expression  data  and  samples/primers  used. 
qPCR-derived  fold  changes  values  were  log2  transformed  and  plotted  against  microarray  expression 
data.  There  is  good  agreement  of  qPCR  and  microarray  data  (Pearson's  r  =  0.90). 
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Pressure  curve  @  50  psi 


Supplementary  Figure  2:  (A)  A  typical  pressure  curve  produced  by  the  blast  gun.  (B)  Distribution  of 
animal  age  for  blast  samples.  (C)  Distribution  of  RIN  scores  for  blast  samples.  The  vertical  line  in  (B) 
and  (C)  represents  the  median. 
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Supplementary  Figure  3 
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Supplementary  Figure  3:  Top:  Correlation  matrices  of  WGCNA  modules  identified  for  the  blast  and 
normal  datasets.  The  colors  on  the  x-  and  y-axis  represent  the  module.  Bottom  left:  Module 
eigengene  preservation  between  both  conditions.  Lower  values  indicate  higher  intermodular 
changes.  Bottom  right:  Module  eigengene  correlation  between  both  condition.  Lower  values 
indicate  stronger  intramodular  changes  between  conditions. 


